Microgravity silicon zoning investigation by Kern, E. L. & Gill, G. L., Jr.
NRSA CONTRACTOR 
BCDnDT 
(IdUA-CR- 17 153 1) i ! I C R O G E A \ I l X  S l L I C O l i  885-3 1373 
2011116 I l lVESTIGIT1 CI l i n a l  iiepcrt, 15 Jul. 
1982 - 15 Jul. 1565  (bestech :ysters, I n c . )  
88 p HC AO5/HP A C 1  CSCL 22A Unclas 
G3/12 2 1 E 6 4  
YASA CR-171531J 
M I  CiIOGIIAVITY S I  L I  CON ZON I NG INVEST I GAT1 ON 
By Edward L. Kern and Gerald L. G i l l ,  Jr. 
Westech Systems, Inc. 
3502 E. Atlanta Averlue 
Phoenix, Ak 85040 
Final Report 
May 15, 1985 
Prepared for 
NASA - Marshall Space Flight Center 
Marshall Space Fl ight  Center, Alabama 35812 
https://ntrs.nasa.gov/search.jsp?R=19850022760 2020-03-20T17:26:49+00:00Z
T E C H N I C A L  REPORT S T A N D 4 R D  T I T L E  P A G E  
2 .  GOVERNM NT ACCESSION NO. 3. R t C I P l t N l ' S  CATALOG NO. 
I I 
4. T ITLE AND SUBTITLE I s REPORT DATE I Microgravity S i l i c o n  Zoning I n v e s t i g a t i o n  I-. ~ a y  15,-1985 1 6. PERFORMING ORGANIZATION CCOE v I 
7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT I )  ( Edward I,. Kern/Gerald L. G i l l ,  Jr .  
~ ~ o R ~ I * G  m G A N I  AT ION NAY. AND m m s s  
I 
lo. WORK UNIT NO. I 
Washington, DC 20546 1 
Westech Systems, Inc .  
3502 E. A t l a n t a  Avenue 
Phoenix, AZ 85040 
12. SPONSORING AGENCY NAME AND ADDRESS 
Nat ional  Aeronautics  and Space Adminis t ra t ion  
I 
15. SUPPLEMENTARY NOTES I Technical  Manager: I C .  Yates, Marshal l  Space F l i g h t  Center ,  A5 35812 , 
11.  CONTRACT OR GRANT NO. 
NAS8-34920 
1s. TYPE OF REPOP; & PERIOD COVERED 
F i n a l  Report 
7-15-82 t o  5-15-85 
( Spacelab Pay load Project Off ice I 
1 16. ABSTRACT 
The o b j e c t i v e s  of t h i s  e f f o r t  were t o  exper imenta l ly  i n v e s t i g a t e  t h e  
flow i n s t a 5 i ; i t i e s  i n  f l o a t i n g  zones of s i l i c o n  and t o  d e f i n e  methods f o r  
i n v e s t i g a t i o n  of t h e s e  i n s t a b i l i t i e s  i n  microgravi ty .  The i n v e s t i g a t i o n  
involved t h r e e  p r i n c i p a l  t a s k s :  c h a r a c t e r i z a t i o n  of  t h e  f l o a t  zone i n  
smal l  d iameter  rods ;  i n v e s t i g a t i o n  of m e l t  f low i n s t a b i l i t i e s  i n  c i r c u l a r  
me l t s  i n  s i l i c o n  d i s k s ;  and t h e  development of a p ro to type  of an appara tus  
t h a t  could be used i n  near  t e r m  space experiments  t o  i n v e s t i g a t e  f low 
i n s t a b i l i t i e s  i n  a molten zone. Experiments i n  a r e s i s t a n c e  heated  zoner 
with 4 t o  7 m diameter  s i l i c o n  rods  have shown t h a t  t h e  c r i t i c a l  
number i s  about  i480 compared t o  a p red ic ted  v a l u e  of 1 4  i n d i c a t i v e  t h a t  
v i a b l e  space experiments  might be performed. The d i s k  geometry 
be n o t  s u i t a b l e  f o r  space experiments  s i n c e  t h e r e  was no s t r o n g  
m e l t  f low i n s t a b i l i t i e s  i n  ground-based experiments .  The p ro to type  f l o a t  
zone appara tus  was b u i l t  and t e s t e d  and s p e c i f i c a t i o n s  prepared f o r  a 
f l i g h t  zoner should a d e c i s i o n  be reached t o  proceed wi th  a space f l i g h t  
experimental  i n v e s t i g a t i o n .  
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22. PRICE 
NTIS 
T h ~ s  i s  t h e  f i n a l  r e p o r t  on C o n t r a c t  NAS9-34920, "Micro- 
g r a v i t y  S i l i c o n  Zoning I n v e s t i g a t i o n , "  which h a s  a second 
y e a r  c o n t r a c t  p e r i o d  from 5 December 1983 t o 1 7  D e c e m b e r  1984. 
T h i s  c o n t r a c t  was performed f o r  NASA's George C. M a r s h a l l  
Space F l i g h t  Center  and was moni tored  by M r .  I .  C. Yates .  
The c o n t r a c t  was performed by Westech Sys tems ,  I n c .  o f  Phoenix ,  
Ar izona ,  w i t h  Gera ld  G i l l ,  P r e s i d e n t ,  a s  Program Manager. 
P r i n c i p a l  I n v e s t i g a t o r  was D r .  Edward L. Kern,  o f  Edward 
Kern and A s s o c i a t e s ,  So lana  Beach, C a l i f o r n i a .  
The work on t h e  c o n t r a c t  was d i v i d e d  i n t o  t h r e e  t a s k s :  
Task 1, " C h a r a c t e r i s t i c s  o f  t h e  F l o a t  Zone i n  Sma l l  Diameter  
Rcds"; Task 2 ,  " S i l i c o n  S l i c e  Zoning"; and Task 3 ,  " P r o t o t y p e  
F l o a t  Zone Apparatus" .  An I n t e r i m  R e p o r t ,  s u b m i t t e d  t o  NASA 
on J u l y  15 ,  1984 r e p o r t e d  on t h e  s c i e n t i f i c  r e s u l t s  on Tasks 
1 and 2 up t o  t h a t  d a t e  and t h o s e  r e s u l t s  w i l l  be summarized 
i n  t h i s  r e p o r t .  
The Thin Rod Zoner a p p a r a t u s ,  b u i l t  and o p e r a t e d  i n  t h e  
$ rev ions  c o n t r a c t  p e r i o d ,  was mod i f i ed  and a  series o f  new 
p la t inum w i r e  ho t -wal l  h e a t e r s  d e s i g n e d ,  cons t ruc r . ed ,  and 
c h a r a c t e r i z e d .  S i l i c o n  r o d s  o f  4 t o  7mm d i a m e t e r  had f l o a t i n g  
moi ten  zones of  up to  lOmm l e n g t h ,  u t i l i z i n g  200  w a t t s  power. 
These zones were s o l i d i f i e d  a t  v a r y i n g  r a t e s  and a n a l y z e d  
f o r  s t r i a t i o n s  which i n d i c a t e d  i n s t a b l e  m e l t  f lows .  ho s t r i a t i o n s  
were obse rved ,  which would i n d i c a t e  a  c r i t i c a l  Marangoni 
number ( i f  bouyancy f low i s  ignored  f o r  s m a l l  m e l t s )  above 1:80, 
compared t o  a  p r e d i c t e d  v a l u e  o f  1 4  from a s i m p l e  model. 
I f  t h i s  number is  a l s o  a p p l i c a b l e  t o  m i c r o g r a v i t y  c o n d i t i o n s ,  
s i l i c o n  c r y s t a l s  o f  p r a c t i c a l  s i z e s  f o r  s ~ m i c o n d u c t o r  a r r a y s  
cou ld  be grown i n  space  w i t h o u t  t h e  e l e c t r i c a l  p r o p e r t y  inhomo- 
g s n e i t i e s  of s t r i a t i o n s .  
A S i l i c o n  S l i c e  Zoner was c o n s t r u c t e d  and c i r c u l a r  m e l t s  
formed and regrown a t  c o n t r o l l e d  r a t e s .  A s  p r e d i c t e d  by some 
t h e o r i e s ,  no s t r o n g  ev idence  o f  melt f l o w  i n s t a b i l i t i e s  
was seen. Instabilities, probably due to fluid flow at time 
of solidification, led to surface reliefs of fluted and 
platelet configurations. 
The hot wall zoner was redesigned for better growth 
experimental conditions, being designed as a flight hardware 
prototype. This Prototype Float Zone Apparatus was constructed 
and tested in zoning. Technical specifications for zoning 
silicon experimentally and for the zoner hardware are included. 
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I. CHARACTERIZATION OF THE FLOAT ZONE IN SMALL DIAMETER RODS 
The development of earlier space flights, with experiments 
on material characterization, and now the Space Shuttle, pro- 
vides the opportunity to look for possible differences in 
processing materials in the space environment. The unique 
feature in space experimentation, which cannot be obtained 
on earth, is the very reduced gravity (microgravity). In 
melts, the absence of a significant gravity influence will 
minimize bouyancy-driven flows, which lead to inhomogeneities 
in many crystals grown on earth. Microgravity will also allow 
the characterization of Marangoni flows, driven by surface 
tension differences within a selt. The characteristics of 
the flow have been modeled for simplified melt systems, but 
work is only starting(18)which will a~proximate a real zone 
in materials of interest. Experimental determination in 
microgravity is information we need to understand the growth 
of materials in space, as well as to more fully understand the 
role of Marangoni flow in earth growth processes. 
Silicon was selected as the primary experimental material 
because it is a very important high technology material 
for both industry and the government, because it is better 
characterized than most other high growth temperature materials, 
and because inhomogeneities caused by earth grown ~t~elt flows 
limit the performance of imporkant devices. The former NASA 
Float Zone Working Group indicated that a high temperature 
melt (silicon) could not be adequately modeled by a low 
temperature melt (17) 
The influence of the absence of bouyancy flows on the 
grown crystal and the characterization of Marangoni flows 
will be used for several purposes: 
1) Predict what improvements, if any, can be made in 
crystals grown in microgravity conditions, as compared 
to crystals grown on earth. 
2) Predict the size limits for which improvements can be 
expected. 
3) More fully understand the relative rol-es of bouyancy 
and Marangoni flows in earthbound growth methods, 
such as float zone and Czochralski crystal growth 
of silicon and other crystals. 
Microgravity zoning will also provide for growth of 
crystals whose growth is not possible on earth. Most Si-Ge 
alloy compositions cannot be grown now due to gravity separation 
of heavy components, which will also be true for certain 
111-V quaternary alloy (I7' Inadequate surf ace tension does 
not allow many heavy metals to be grown by float zone 
(Tellurium, for example),and does not allow qrowth of practical 
sizes by float zoning of, for instance, GaAs. Since float 
zoning is a containerless process capable of growing very 
high purity and highly perfect crystallography (19), this could 
be important for t.he development of future high technology 
semiconductor devices, as well as materials for other appli- 
cations. 
A Thin Rod Zoner was designed and constructed during the 
first year of this contract and was described in the first 
annual report on this contract. The objectives in building 
the new zoner were: 
1) To be able to carry out float zoning experiments on 
the Space Shuttle within the power, cooling, and 
emi (electromagnetic interference) limits of the 
Shuttle (e.g., the carrier in the bay [MSL]). 
2) Eliminate the periodic (rotational) meltback stri- 
ations found in crystals float-zoned with r.f. power 
(due to the coil slot). 
3) Minimize the temperature gradients in the melt to 
minimize Marangoni flow and to maximize uniformity 
of impurities (including dopants) and point defects 
(swirl) . 
As was shown in the last contract period, this is best 
accomplished using resistance-heated, hot-wall heating elements. 
Since this is the first time that float zoning silicon has 
been tried using a tailored hot-wall heater, all aspects 
of the design and operation are new. Additional complications 
are introdwed by working in a weightless environment, such 
as designing chucks (to hold the silicon rods) such that 
they can work without the utilization of gravity. 
A .  GROWTH OF SMArJL DIAMETER SILICON CRYSTALS 
- 
Melting and regrowth of silicon crystals was done in 
the cylindrical configuration by both the Thin Rod Zoner 
model described in the previous contract period ( 3 )  , and 
the model constructed in this contract period and described 
in Sectim IV of this report. Both xoners heat the silicon 
with a thermally-profiled, resistance-heated wall and both 
are designed to zone diameters up to 7 m .  
The thermal profile of the heater must be designed such 
that a molten zone is melted, having these characteristics: 
1) The zone length is as long as desired, but not too 
long to not be supported by surface te~sion (for 
earth, g=l growth). 
2) The thermal axial gradiects are minimized. 
A series of variable-winding-density, two-layer coils 
were designed and tested, using Pt-10% .Yh wire. The thermal 
profiles of these are given in references 1 and 3 and Section 
IV A below. A quartz liner is used inside the alumina heater 
core to protect tile heater  fro^ melt spills, and a new quartz 
liner is used each time to prc.ide the same thermal condit.i.ons 
each time. 
Using the new heater design and the q~artz liner, a series 
of melting experiments were run. A static zone, being melted 
and refrozen without moving the molten zone through the rod, 
is initially done to characterize the molten zone itself 
and freezing characteristics, without the complications of 
advancing the melting an 'reezing lines (supplying the heat 
of melting and extracting the heat of freezing) and axial 
and rotational s!-.,ed effects. Table 1 outlines the series of 
runs. The observations on these regrown crystals are presented 
in the next section. 
The starting silicon thin rods for these experiments 
have been standaj.d thin rods, normally used for deposition 
of polycrystal silicon in decomposition reactions, with 
diameters between 4 and 7mm. They are pulled at a fast 
speed (16-20mm/min.), are straight, and have very uniform 
diameters, as is required for this zoner. These were pulled 
on a commercial thin rod puller (made by and operated at 
Westech Syst-ems). These rods are usually not single crystal, 
since polycrystal rods are preferred for the silicon deposition. 
Since no seeding-in procedure is being used, the crystal 
regrowth is not expected to be single crystal. The diameter 
is grown at 4-7mm, as desired. The rods are cut 18-inch 
long and each end is ground in a lathe to have a uniform 
diameter that will fit into the end chucks of the zoner. 
Analysis of the melt shape and characteristics of the 
regrown crystal is done by striation etching the cross section. 
The author developed this etch to sharply delineate any 
slight change in lattice spacings (through a change in chemical 
activity) and any crystallographic defects. (20 '  The detailed 
etching conditions are given in Reference 4. The silicon 
rod is sliced axially with a diamond saw, lapped, chemically 
polished, and then striation-etched. The etched crystal is 
observed by Nomarski (phase interference contrast) microscopy. 
The power required to melt silicon rods 5.5 to 6mm diameter 
is 173 watts of heater design number I1 and 200 watts 
for heater design number I11 (Section IV) - These have a larger 
diameter alumina heater core and a quartz liner, as compared 
( 3 )  to the smaller core and no liner requiring 88 watts . 
(3) The heater core is 1501°C, compared to approximately 1430°C , 
the melting point of silicon. 
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The power requ i red  f o r  me l t ing  is  w e l l  w i t h i n  t h e  power 
a v a i l a b l e  on t h e  S h u t t l e  c a r r i e r  (400 w a t t s ,  i n c l u d i n g  e l e c -  
t r o n i c  cont ro ls ) - -and more could be a v a i l a b l e  by c a r e f u l  
t ime- l in ing .  
The maximum m e l t  h e i g h t  ( o r  volume) is  l i m i t e d  by t h e  
s u r f a c e  t e n s i o n  of t h e  s i l i c o n .  The l e v i t a t i o n  normally 
a v a i l a b l e  from t h a  r . f .  power i n  r . f .  h e a t i n g  i s  n o t  a v a i l a b l e  
w i t h  hot-wall  zoning. Too much m e l t  l e a d s  t o  a  sagging of  
t h e  m e l t  which c o n t a c t s  t h e  q u a r t z  l i n e r  o r  s p i l l s  down t i: . i  
s i d e  o f  t h e  bottom rod.  Th i s  has happened w i t h  melts a s  
t h i n  as 5.4mm (0.215 i n c h e s )  h igh ,  b u t  i n  t h i s  c a s e  might 
have been due t o  v i b r a t i o n s  o r  o t h e r  mechanical  d i s t u r b a n c e .  
Melts above l . O c m  (0.4 inches )  cannot  be  c o n t a i n e d ,  such as 
a 1.5cm l e n g t h  o f  7mm diameter  rod. The l i m i t  o f  l . O c m  long 
f o r  6 m  diameter  sugges t s  a  s u r f a c e  t e n s i o n  c o n s i d e r a b l y  less 
than  Hardy's va lue  of  885 m J / m  f o r  a c l e a n  s i l i c o n  
s u r f a c e .  Th i s  sugges t s  a n  oxygen contarpinated s u r f a c e ,  which i s  
n o t  unexpected. The m e l t  s u r f a c e  does  n o t  have a c r u s t  on 
it, which would i n d i c a t e  a  g r o s s  oxygen s o u r c e ,  b u t  o f t e n  has 
a  c o l o r e d  t h i n  ox ide  l a y e r .  Outgassing o f  t h e  fu rnace  s t r u c t u r e  
i s  d i f f i c u l t  t o  completely do and t h e  argon stream w i l l  have 
s e v e r a l  ppm, even wi thou t  l eaky  f i t t i n g s ,  etc. 
B. CHARACTERISTICS OF GROWN CRYST* 
The i n i t i a l  growth experiments  s t a r t  w i t h  t h e  grown 
s i l i c o n  t h i n  rod and m e l t  p a r t l y  o r  a l l  t h e  way tkrough 
t h e  cross s e c t i o n ,  w i t h  t h e  c r y s t a l  be ing regrown by coo l ing  
a t  a  c o n t r o l l e d  r a t e .  The molten zone s t a r t s  as a shal low 
molten r i n g  i n t o  t h e  rod. F igure  1 shows t h e  mel t  t ' . roughout 
t h e  c r o s s  s e c t i o n ,  wi th  t h e  fu rnace  tempera ture  of  1500-1501°C 
being held  f o r  a  s h o r t  h e a t  soak (up t o  3 minutes)  and t h e  
slow regrowth done a t  a coo l  down r a t e  o f  about  O.lmm/minute. 
The l a s t - t o - f r e e z e  i n t e r f a c e  is  a shal low concave s u r f a c e  
w i t h  a r a d i u s  of  c u r v a t u r e  of  8.8nun f o r  a  2.6mm r a d i u s  rod .  
This shallow concave interface i s  an important goal in our 
furnace design and confirms the suitability of the furnacc 
design and zoning parameters. The regrowth was so gradual 
that the crystallography of the unmelted rod is continued 
in the regrown crystal without changes in the crystal direction 
or defects (i.e., epitaxial growth). 
Striations are usually not observed in the regrown crystals, 
especially at the surface, where Marangoni flow would affect 
the melt flow and cause instabilities. The few striations 
that were observed are in the interior of the regrown crystal 
and do not extend to the surface. Some are thought to be 
flow instabilities in the fast growth of small interior 
grains and are not associated with surface flows. 
Striations due to a combination of bouyancy and Marangoni 
flows are not observed in the carefully regrown thin rods, 
in contrast to larger diameter float zoned crystals g, row9 
at 9.1 ( 4 )  or in SpaceLab in microgravity. The objective 
of the design of this Thin Rod Grower was to tailor the 
heater profile such that axial and radial gradients were 
minimized, while a zone of controlled length is melted, thus 
minimizing Marangoni flow to the extent of avoiding turbulent 
(instability) flow. This appears to have been accomplished. 
C. INFRARED MICROSCOPY OF SILICON MELTS 
Instability striations due to a possible combination of 
bouyancy and Marangoni flows is always observed in larger 
diameter silicon crystals grown by float zoning. These 
( 4 )  were characterized at 25mm diameter in an earlier program . 
The previous contract period ( 3 )  attempted to record these 
thermal fluctuations with a thermocouple in the solid near 
the melt or in the melt. The inability to passivate the 
thermocouples led to fast alloying of the thermocouple junction 
and very erratic readings. 
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Figure 1. Melted Through Section of Silicon Thin Pod. I 
S . 2 m  diameter silicon thin rod ( a t  left of samples) 
w a s  completely melted  t h r o u g h  and refrozen. The 
curved l i n e  across the diameter is t h e  ( l a s t - t  - 
freeze) solid-molt il terface. The melt extended 
to t h e  shoulder  on t h e  right s i d e .  
An i n f r a r e d  microscope w i t h  s m a l l  a r e a  r e s o l u t i o n  and 
f a s t  s l ,eed response should be a s l e  t o  see smal l  v a r i a t i o n s  on 
t h e  s u r f a c e  o f  t h e  s i l i c o n  m e l t .  A Barnes model RM-2A i n f r a r e d  
microscope was ob ta ined  through NASA and i n s t z l l e d  on t h e  NASA 
Breadboard ( r . f . )  zoner.  F igure  2 shows t h e  zoner  and F igure  3  
, 
' shows t h e  I.R. microscope mounted next  to  t h e  r i g h t  s i d e  window 
p o r t  of t h e  zoner.  F igure  4 shows t h e  schemat ic  of  t h e  l i g h t  
pa th  from t h e  molten zone tc t h e  I . R .  microscope. A new base ,  
wi th  an x-y t a b l e ,  w a s  cons t ruc ted  f o r  t h e  microscope to a l low 
f o r  p r e c i s e  p o s i t i o n i n g  and t o  g e t  t h e  microscope w i t h i n  t h e  
f o c a l  l e n g t h  of  t h e  m e l t  s u r f a c e .  
S ince  t h e  r . f .  work c o i l  obscures  most 3f t h e  l e n g t h  o f  
t h e  molten zone when viewed pe rpend icu la r  t o  t h e  rod a x i s ,  
an  angled s p l i t  image is used. Th i s  i s  done us ing  f o u r  f r o n t  
s u r f a c e  m i r r o r s ,  which then  recombine t h e  t o p  and bottom p o r t i o n s  
of  t h e  view a t  t h e  microscope. The e n t i r e  o b s c u r a t i o n  o f  t h e  
c o i l  can be e l imina ted .  F igure  5 shows t h e  means o f  a d j u s t i n g  
t h e  bottom and t o p  mirrors w i t h  v e r t i c a l  adjus tments  (shown) 
and m i r r o r  r o t a t i o n .  
The microscope r e s o l v i n g  s p o t  s i z e  w a s  l a r g e r  t h a n  d t s i r e d ,  
s o  a  1 / 3 2  inch  ho le  i n  a n  aluminum p l a t e  w a s  used a s  a n  a p e r t u r e ,  
r e s u l t i n g  i n  an observed s p o t  s i z e  of  .05mm (0.020 i n c h e s ) .  
Recordinn t h e  emission of  t h e  sample w h i l e  zoning p i c k s  up 
s e v e r a l  f e a t u r e s .  Each r o t a t i o n  u s u a l l y  g i v e s  one b i g  peak 
and two smaller peaks,  i n d i c a t i n g  t h e  growth l i n e s  and t h r e e -  
f o l d  geometry a s  seen  by t h e  eye. On t o p  o f  t h i s  r o t a t i o n  
s t r u c t u r e  (or i f  t h e  r o t a t i o n  i s  stopped so t h e r e  i s  no s t r u c t u r e ) ,  . 
is seen an o s c i l l a t i o n  w i t h  a  per iod  o f  1..5-2.0 seconds of  ve ry  
t; 
smal l  ampli tude.  From o u r  e a r l i e r  r e p o r t ( 4 ) ,  a  s t r i a t i o n  i f 
frequency of 0.23-1.5 seconds is  observed f o r  a 25mm diamete r  
me l t ,  ~ h i c h  t h i s  is. This  does i n d i c a t e  t h a t  t h e  observed 
o s c i l l a t i o n  i n  t h e  i n f r a r e d  i s  probably t h e  same a s  causes  
t h e  s t r u c t u r a l  s t r i a t i o n s  t h a t  a r e  observed.  S ince  t h e  c r y s t a l  
was not  t r a v e r s e d  dur ing  t h e s e  s t u d i e s ,  t h e  s t r i a t i o n  p a t t e r n  
cannot be observed. 
The magnitude OK the temperature excursion can only be 
roughly approximated, both because the amplitude changes 
on the recorder are very small and because the observation of 
the I.R. emission at an angle to the melt surface (due to the 
optics shown in Figure 4) will provide different amplitudes 
(at the same temperature) due to the cosine nature of the 
emission of light. It is thus roughly estimated that the 
temperature excursions are less than ~ O C  (installing an 
iris to give a small spot size eliminated the earlier cali- 
bration, thus making estimates more difficult). These 
correspond to striations observed by striation etching of 
the sample. Occasional thermal spikes of much larger 
magnitude (maybe 10 or more degrees) are seen as the crystal 
is being grown. 
Figure 2 .  NASA Breadboar2 Zoner 
T h i s  vacuum~gas zones is used to study 
silicozi melts a t  larger diameters, usinq 
x . f .  powered coils. 
F i g u r e  3 .  Infrared Microscane Kounted 
on Breadboard Z o n ~ r  

Figure 5 .  Mirror Mounting on View Port 
11. SILICON SLICE ZONING 
An experimental characterization of the Marangoni flows 
in silicon melts is needed to determine its role in affecting 
crystals grown from the melt in microgravity and to sepazate 
the roles of Marangoni and bouyancy flows in earthbound crystal 
growth. While this will eventually be most clearly done by 
experimentation on the Space Shnttle and Space Station, its 
role needs to be defined now to a) guide the planning of 
microgl-avity experiments, and b) to correlate with and help 
to define theoretical models now being studied. The latter 
reason was highlighted by this contract's interim report, 
which indicated that the critical Marangoni number (Mc) for 
a rod geometry was estimated to be >436 ) , much higher than 
Xu and Davis' simple model Mc of 14.7 (1 6 
One method of attempting to separate out the effects of 
Marangoni and bouyancy melt convection contributions is to 
go to a very long aspect ratio melt, which is thin in the 
direction parallel to gravity forces, and which has a high 
surface area. The melting of thin silicon slices was suggested 
by the former Float Zone Working ~rou~'~). Initial experiments 
were done by melting the center of a silicon slice with an 
electron beam in vacuum(3). Striations were observed only 
in interior grains of rapidly solidified slices, but not at 
the melt surface where Marangoni flow should dominate. Problems 
with tt,e electron beam melting led to designing and buildinq 
the "Slice Zoner" described in the following pages. 
A. SILICON SLICE ZONER 
A silicon slice zoner was designed and developed for the 
purpose of melting the center portion of a silicon slice 
and resolidifying at a controlled rate. Controlling the 
diameter and growth rate will provide for different aspect 
ratios and temperature gradients, to give a range of Marangoni 
numbers and critical parameters (i.e., those of W. N. Gill). 
The feasibility of using elliptically focused light heaters 
was studied at the Space Science Laboratory at Marshall Space 
Flight Center during the previous contract period(3), whic5 
led to the following design. 
The goal of this equipment design was to provide a simple 
and relatively inexpensive system that will control the heating 
and regrowth rate, melt diameter and the gaseous atmosphere. 
Figure 6 shows the unit, which utilizes a) a use* vacuum system, 
b) a chamber machined from aluminum, c) inexpensive ellipti- 
cally focused heaters top and bottom, and d) either manual or 
semiautomatic heater controls. 
The chamber cross section, depicting the sample holding 
configuration, is shown in Figure 7. The quartz windows are 
recessed into the vacuum chambex to allow closer coupling 
of light to the silicon slice. The aluminum recessing rinqs 
are conductively cooled by the chamber, which is water-cooled. 
Viton rubber vacuum gaskets are needed to withstand the high 
temperatures. A quartz ring, resting on the bottom quartz 
window, is used when a minimum of heat extraction from the 
slice is desired. This is replaced by a water-cooled c- ?per 
rjng, attached to the chamber removable end plate, when more 
heat extraction is desired for higher temperature gradients 
(see Figure 8). The latter takes considerably more power 
and leads to fast degradation of the quartz windows and is 
shown schematically in Figure 9. 
Key f e a t u r e s  o f  t h e  components i n  F i g u r e  7  a r e :  
q u a r t z  windows 4 . 3 7 5  i n c h  d i a m e t e r  x .375 ,  or 
. I 8 7  i n c h  t h i c k  
s p a c i n g  a  .296 i n c h  
s p a c i n g  b .296 i n c h  
q u a r t z  r i n g  : 1.5  i n c h  o u t e r  d i a m e t e r  x  2  mrn w a l l  
V i ton  g a s k e t  0.060 i n c h  t h i c k  
F i g u r e  9 shows a  s chema t i c  o f  t h e  vacuum chamber and t h e  
e l l i p t i c a l  h e a t e r s .  The h e a t e r s  a r e  l o w  c o s t ,  commerc ia l ly  
a v a i l a b l e  h e a t e r s  from Research I n c o r p o r a t e d .  While t h e  spun 
aluminum r e f l e c t o r s  a r e  n o t  q u i t e  a s  e f f i c i e n t  i n  r e f l e c t i n g  
compared t o  more expens ive  custom g e n e r a t e d  r e f l e c t o r s ,  t h e i r  
c o s t  and e a s e  o f  re-working was c o s t - e f f i c i . e n t  i n  t h e  deve lop ing  
o f  t h i s  equipment.  The e l l i p t i c a l  h e a t e r  s p e c i f i c a t i o n s  a r e :  
Manufac turer  Research  I n c o r p o r a t e d  Model #5530 
S i z e  1000 W 120VAC 
Tungsten-halogen lamps : S y l v a n i a  1000Z/3C1 (1000W a t  120V) 
C o n t r o l  and r e p r o d u c i b i l i t y  o f  r e s u l t s  r e q u i r e s  a programmed 
h e a t e r  c o l , t r o l  u n i t .  I n i t i a l  t e s t i n g  of t h e  sys tem and e x p e r i -  
men ta t ion  w a s  done by u s i n g  manual ramping o f  a variac on e a c h  
h e a t e r .  T h i s  a l s o  d e f i n e d  t h e  c o n t r o l  p a r a m e t e r s  f o r  t h e  con- 
t r o l l e r .  The c o n t r o l l e r  is  shown i n  F i g u r e  1 0 .  An a n a l o g  t i m e  
ramping and hold  d e s i g n  was s e l e c t e d  f o r  s i m p l i c i t y  o f  hardware 
and o p e r a t i o n .  The s e l e c t e d  p a r a m e t e r s  are: 
ramp UP 100 sec. t o  2.7 hour s  
ho ld  a t  maximum t e m p e r a t u r e  : 1-15 min. 
maximum power > 2 3 ~ 0  w a t t s  f o r  t w o  lamps 
( l i m i t e d  by b o o s t  t r a n s f o r m e r s )  
ramp down 100 sec. - 2 . 7  hrs. - two ramping speeds  
power swi t chove r  between two down ramps: 
i 
set p o i o t  250 (600 w a t t s )  t o  300 
( .700 w a t t s )  t y p i c a l  
power c u t o f f  s e t  p0 i r . t  100,  250 watts--t!r ; i c a l  
The schema t i c  o f  t h e  c o n t r o l  c i r c u i t  is shown i n  F i g u r e  11. 
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Figure 6 ,  Silicon Sl ice  Zoner. 
The elli?tical heat!:lrs are seen above and below 
t h e  aluminum chamber. The  chzrnber can be cperated with 
an argon pressure atmosphere, or p a r r i a l  pressure, or 
h i g h  vacum.  The sample h o l d i n g  and cooling tubes and 
thermocouple leads  are behind the metal  shield in front. 
The ~hamber is water cooled. The lamps are a i r  cooled 
I hoses 1 . 
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Figure 7. Silicon Slice Zoner Cross-Section 
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I P i g u r c  10. Slice Zoner Prosrammed Controller 
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The h e a t e r  c o n t r o l l e r  pl -ovidcs  t h e  c o n t r o l  s i g n a l  t o  t h e  
power c o n t r o l l e r  c i r c u i t ,  which i s  shown i n  F i g u r e  1 2 .  To  
o b t a i n  t h e  e x t e n t  of s l ice  m e l t i n g  d e s i r e d ,  t h e  tungs t en -ha logen  
lamps must be  run  a t  v o l t a t e s  h i g h e r  t h a n  110 v . a . c .  and power 
b o o s t  t r a n s f o r m e r s  a r e  n e c e s s a r y .  'i'he r ange  o f  power go ing  
i n t o  t h e  h e a t e r  lamps is  inc luded  i n  T a b l e  2 i n  t h e  f o l l o w i n g  
s e c t i o n .  
b. SLICE ZONING 
S i l i c o n  slices o f  two i n c h  d i a m e t e r  and t h i c k n e s s  o f  0.30 
to  0.65mm (0.012 t o  0.026 i n c h e s )  are zoned w i t h  t h e  S l i c e  
Zoner. T h e  slices a r e  h e a t e d  by s lowly  i n c r e a s i n g  t h e  lamp 
i n t e n s i t i e s ,  bo th  lamps be ing  powered e q u a l l y ,  e i t h e r  manual ly  
o r  w i t h  t h e  e l e c t r o n i c a l l y  programmed h e a t e r  c o n t r o l l e r .  Slow 
hea- t ing is needed t o  a v o i d  s h o c ~ i n g  and c r a c k i n g  t h e  s i l i c o n  
slices. The power needed t o  o b t a i n  a g i v e n  diameter m e l t  i s  
de te rmined  from p r e v i o u s  r u n s ,  s i n c e  t h e  s l ice c a n n o t  be observed  
when b e i n g  hea t ed .  T h i s  i s  because  t h e  l i g h t  i n t e n s i t y  is v e r y  
h i g h  (1100 w a t t s  from e a c h  lamp i n  a  c o n f i n e d  a r e a ) ,  and because  
a  v iewing  p o r t  would l e a d  to  a  l i g h t  l o s s  and  nonsymmetric 
h e a t i n g .  The maximum p o w e r  i s  h e l d  for a  p e r i o d  ( 3  m i n u t e s )  
p r e v i o u s l y  de t e rmined  LO be s u f f i c i e n t  f o r  a  s t e a d y  s ta te  t o  be 
a t t a i n e d  f o r  t h e  p o w e r  s e t t i n g .  Holding f o r  l o n g e r  p e r i o d s  
o f  time l e a d s  t o  unneces sa ry  d e t e r i o r a t i o n  o f  the q u a r t z  windows. 
The c r y s t a l  growth rate i s  detexmined by t h e  speed o f  
ramping down tne power. c o l r s t a n t  growth r a t e  would e n t a i l  
d e c r e a s i n g  t h e  l i g h t  i n t e n s i t y  p e r  u n i t  a r e a  o f  a  d e c r e a s i n g  
circle.  Doing t h i s  p r e c i s e l y  wocid i n v o l v e  a ccmputer  program 
and t a k i n g  i n t o  accoun t  t h e  heat f lows  i n  t h e  s l i ce  and focused  
l i g h t  i n t e n s i t y  p r o f i l e s ,  which would take c o n s i d e r a b l e  time. 
For samples 23  t o  2 8  i n  Tab le  2 ,  t h e  power p e r  u n i t  a r e a  (power 
i n t o  t h e  lamps) o f  t h e  e n t i r e  s l ice was reduced  l i n e a r l y  by 
u s i n g  1 0  e q u a l l y  t imzd s t e p s ,  manual ly .  The h e a t e r  c o n t r o l l e d  
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ramps power l i n e a r l y  a t  a c o n t r o l l e d  r a t e .  A second ramping 
speed can be used t o  c o n t r o l  t h e  l a t t e r  d e g r e e  o f  c r y s t a l  growth 
or ,  a s  i s  u s u a l l y  done, t o  c o n t r o l  t h e  c o o l i n g  o f  t h e  slice 
below i ts  f r e e z i n g  p o i n t  s o  a s  t o  avoid  c rack ing .  
S l i c e  zoning can be done i n  h igh  vacuum, o r  a p a r t i i l  o r  
f u l l  atmosphere o f  argon o r  w i t h  a d i f f e r e n t  gas .  The h igh  
vacuum minimizes gas  conduct ive  h e a t  l o s s e s ,  b u t  l e a d s  to  
s i l i c o n  evapora t ion  o n t o  t h e  q u a r t z  windows, both  absorb ing  
a l o t  of h e a t  and l e a d i n g  t o  s e v e r e  e t c h i n g  o f  t h e  q u a r t z .  
Argon gas  atmosphere has  been used f o r  m o s t  experiments .  T i t h e r  
h igh  vacuum or fore-pump Ti: 2u1m is  used t o  r e p e a t e d l y  purge  
t h 5  chamber, wi th  back-f i l l i n g  w i t h  Argcn,. The experiw-nt shown 
in Table 2 used f lowing argon gas  a t  a p r e s s u r e  o f  0.3 or 3.0 
torr above atmospheric  p ressure .  
The regrown slices a r e  analyzed by c r o s s - s e z t i a n i n g ,  
s t r i a t i o n  e tch ing ,  and obse rv ing  i n  a microscope w i t h  Nomarski 
o p t i c s  ( a s  w a s  desc r ibed  i n  S e c t i o n  I. A. above. I n  o r d e r  t o  
c u t  t h e  c r y s t a l s  through t h e  c e n t e r  t o  expose t h e  c r o s s  s e c t i o n ,  
they  a r e  cemented t o  a g r a p h i t e  b lock w i t h  epoxy, w i t h  a l a y e r  
o f  epoxy also over  t h e  slice, t o  p r z v e n t  chipping.  They are 
then  c u t  on a diamond I .D.  saw. They are t h e n  hanci-lapped and 
s t r i a t i o n - e t c h e d ,  as desc r ibed  i n  r e f e r e n c e  4. T h i s  p rov ides  
a s u r f a c e  topographic  d i f f e r e n c e  f o r  any change i n  growth r a t e ,  
g r a i n  boundary, o r  c r y s t a l l o g r a p h i c  d e f e c t .  Phase i n t e r f e r e n c e  
c o n t r a s t  microscopy (Nomarski) shows t h e  topography d i f f e r e n c e  
as a color d i f f e r e n c e ,  t h u s  making t h i s  method a ve ry  s e n s i t i v e  
method and one which i s  a p p l i c a b l e  f o r  surveying t h e  e n t i r e  
a r e a  of  many samples. Th i s  method has  c o n s i s t e n t l y  shown m e l t  
flow i n s t a b i l i t y  s t r i a t i o n s  i n  s i l i c o n  c r y s t a l s  f o r  many 
i r v e s t i g a t o r s ,  inc lud ing  12 year's work by t h e  P. 1. on f l o a t  zone 
s i l i c o n .  
S ince  a microscope can on ly  view s u r f a c e s  pe rpend icu la r  
t o  t h e  microscope's o p t i c a l  a x i s ,  and s i n c e  t h e  s u r f a c e  o f  
t h e  slice g e t s  t h i n n e r ,  then  t h i c k e r ,  a s m a l l  t i l t a b l e  s t a g e  
was cons t ruc ted  f o r  use  on t h e  microscope, t h u s  a l lowing  a l l  
p o r t i o n s  of  t h e  regrown slice to  be observed.  
Table 2 compiles t h e  growth parameters  f o r  a series of  
slices s tud ied .  Observat ions  on many of  t h e s e  a r e  inc luded i n  
t h e  fo l lowing s e c t i o n .  
C. CHARACTERISTICS OF REGROWN SLICES 
The mel t ing  and regrowth of  s i l i c o n  slices is a new type  
o f  s tudy ,  u n l i k e  many y e a r s  spen t  by t h e  a u t h o r s  and o t h e r s  
s tudy ing  f l o a t  zoning s i l i c o n  rods ;  t h u s ,  many new phenomena 
a r e  observed.  Th i s  s e c t i o n  w i l l  c o n c e n t r a t e  on t h e  s t u d y  o f  
growth s t r i a t i o n s  i n  t h e  slices. Other o b s e r v a t i o n s  w i l l  be 
mentioned, w i t h  t h e  r e a d e r  being r e f e r r e d  to  t h e  I n t e r i m  Report (1 
f o r  f u r t h e r  d e s c r i p t i o n  and microphotographs. 
When t h e  m e l t  s o l i d i f i e d ,  it i n i t i a l l y  becomes t h i n n e r  
t h a n  t h e  o r i g i n a l  s l i c e  (and m e l t )  accord ing  t o  t h e  11° tri- 
junct ion  ang le ,  which w a s  r epea ted ly  observed (so l id-mel t -gas) .  
The m e l t  i n t e r f a c e s  were canvex toward t h e  m e l t  w i t h  a h igh  
r a d i u s  o f  c u r v a t u r e  (1.- f o r  a 0.625rtun t h i c k  s l ice) .  A s  growth 
con t inues ,  t h e  cross s e c t i o n  becomes t h i c k e r ,  u n t i l  t h e  c e n t e r  
" las t - to- f reeze"  becomes a peak (see F igure  13). T h i s  creates 
a bulk  m e l t  f low, independent  of  bouyancy or Marangoni flows. 
S i l i c o n  also expands a s  it f r e e z e s  ( 9 % ) .  A l l  o f  t h e s e  e f f e c t s  
usua l ly  create a l a s t - t o - f r e e z e  bulge which h a s  poor c r y s t a l -  
lography. 
Sur face  flow i n s t a b i l i t i e s  were a l s o  abserved.  F igure  1 4  
shows s t r u c t u r e  on t h e  s u r f a c e  of  an unetched slice, where 
flow causes  r a i s e d  f l u t e s  i n  t h e  s u r f a c e  and r a d i a l  f lows cause  
i n s t a b i l i t y  i n  t h e s e  r a i s e d  f l u t e s .  These a r e  similar t o  i n s t a -  
b i l i t i e s  i n  t h e  growth o f  t h i n  f i l m s ,  such as emulsions.  
Figure  13. Cross S e c t i o n  of Zoned S i l i c o n  Slice. 
The o r i g i n a l  slice thickness is at the  right 
and left (0 .025 inches = d.625mm thickness). The 
first-to-grow crystal  from the m e l t  becomes thinner, 
then thicker, as it freezes toward the  center. A 
t h i c k  cross sec t ion  is t h e  last-to-freeze, at t h e  
center. 
Figure 14. Surface Instabilities at the Narrow Thickness 
of a S l i c e .  
Photograph of a lOOx magnification photomicro- 
graph (1 d i v i s i o n  = ll.4um). T h e  edge of m e l t  is o f f  
the top of the photo. The t h i n  l . i ne s  at top are radia l ,  
then turn. The l i n e s  fade o u t  off t h e  bottom of t h e  
photo, as the melt t h i c k n e s s  LFcreases.  
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F i g u ~ r  15. I n s t a b i l i t y  on S u r f -  -e of Last-to-Free~e Tip .  
A photograph of the  microphotography at lOOx magnifi- 
cation; 1 d i v i s i o n  = 11.4um. Thi s  curved surface is 
in the -:LOO' direction on a [lo01 slice and is seen 
by tilting t h e  slice. As the su r f ace  goes from near 
t h c  slice's rninimurr, thickness, o i f  the left side of 
the photo ,  the wandering lines take on a regular 
p a t t e r n  12 /3  frames), then evolve into a triangular 
fluted p a t t e r n  going clear to the tip (right side). 
Figure 16. S p i r a l  Instability on Last-to-Freeze Cone. 
This s tructure  is on the surface of etched Slice X23 
lOOx  magni f i ca l lon ;  1 division = 11.4urn.  One spiral 
starts at I - - t t o m  of photograph, and another builds 
on top of . The p l a t e l e t  structure smooths out 
as the last-to-freeze t i p  is reached, at t op .  
a 
This slice (Sample # 1 9 )  was reyrown rapidly (estimated 
at 100m/min.). This sample also had an instability in the 
. 
I last-to-freeze tip (Figure 15). Figure 16 shows a stepped 
1 instability in the last-to-freeze tip for Sample t 2 3 ,  which 
I was also grown rapidly. This instability is observed only 
'. 1 
I for fast growth rates. Surface waves were modeled by 
, , I  Smith and ~avis (5) and the Reynolds number, thermal gradient i - and Marangoni numbers are well above the critical numbers in their simplified model. (See Reference 1 for further analysis). Slices grown rapidly (,33rnm/min.) show the above surface 
topographic instabilities and striations in the direction of 
growth, which may have the same origin flow instability that 
creates the topographic instabilities. 
Slices qrown slowly (zSrnm/min.) show no topographic 
1 
instabilities and few surface striations from etching. Of the 
two samples showing surface striations, one was a surface relief 1 which did not show up after etching. Bulk striations were observed in only 5 out of 25 sampies, with only three(128) showing striations perpe~~dicular to the 
growth direction, as ex.pected for instabilities in a slowly 
i growing crystal. 
t 
111. MARANGONI FLOW IN SILICON -- MELTS 
A. MARgNGONI FLOW IN SILICON ROD MELTS 
---- 
Aperiodic (non-rotational) striations are always seen 
in larger diameter crystals grown by r.f. heating, as previously 
characterized by the authors ( 4 )  . ~6lker (lo) indicated that 
the onset of striations in silicon melts with free surfaces 
(suspended drops, or float zones) occurs at critical values 
of the Rayleigh number two orders of magnitude lower than for 
silicon in a container and ascribed this to the Marangoni effect, 
as predicted by Wilcox (21) , with a low critical Marangoni number. 
It would thus appear that Marangoni flow could dominate the 
onset of melt instabilites in small melts. Above this critical 
Marangoni number, unstable solutions lead to periodic or pseudo- 
periodic (aperiodic) variations in the melt flow. These variations 
introduce hotter fluid to the grc7,~ing interface, leading to a 
slowing or stopping of the growth (or even melting), followed 
by rapid growth which incorporates more impurities (due to the 
higher segregation coefficient at higher instantaneous growth 
i 
rates (11) I J 1 .  This can be seen hy spreading resistance variations 
in ~ilicon''~). These variations in the melt flow have been i 
characterized for low temperature melts of high Prandtl number 
fluids by Chun (I3) and Schwabe (14) 
i t '  
The uniformity of crystals grown in microgravity will depend : %; 
largely on the magnitude and the stability/instability conditions 
in Marangani flow, since bouyancy flows are eliminated. In the 
recent SpaceLab experiments, silicon was float-zoned by heating 
with a ret of two elliptically focllsed heaters, on opposite 
sides of the silicon rod. Both rotational meltback striations 
and Marangoni instability striations were observed . The 
rotational meltbacks were expected (by this author) due to 
the azimuthal temperature gradients due to the non-uniformity of 
the heating (about 10°C) (15) . The Marangoni instability would 
also be driven by both the azimuthal and axial thermal gradients. 
Dr. ~olker (22) I using the same heating arrangement, also found 
many striations in s molten drop on the end of a silicon rod. 
Resu!t.s a r e  n o t  yet q u a n t i t i z e d  on t h e  r e s u l t s  of t h e  l a t t e r  
expe r imen t ,  which could  p r o v i d e  a n  e x p e r i m e n t a l  number f o r  t h e  
c r i t i c a l  Marangoni number f o r  s i l i c o n .  
T h e o r e t i c a l  s t u d i e s  o f  c r i t i c a l  Marangoni numbers provi.de 
some i n s i g h t  i n t o  t h e  e x t e n t  t h a t  Marangoni f low w i l l  a f f e c t  
f l u i d  f low i n  any f l o a t  zone or f r e e  s u r f a c e  a r e a  p r o c e s s  i n  
rn ic rograv i ty .  Xu and ~ a v i s ' l ~ '  have s o l v e d  f o r  t h e  c r i t i c a l  
Marangoni number f o r  f l u i d s  o f  v a r i o u s  PI--.ndtl numbers f o r  a 
f l o a t i r ~ g  zone,  hea t ed  w i t h  a s h o r t  r i n g  h e a t e r  i n  a  p a s s i v e  
gas .  'I 'his compares t o  t h e  t h i n  rod zone c o n f i g u r a t i o n  o f  t h i s  
e f f o r t ,  which has  a  l o n g e r  h e a t e r  (lower t e m p e r a t u r e  g r a d i e n t )  
and i s  zoned i n  vacuum ( 0 . 1  t o r r  Argon, t h u s  min imiz ing  t r a n s f e r  
a t  t h e  s u r f a c e ) .  They d o  make approx ima t ions  t h a t  t h e y  i n d i c a t e  
would a f f e c t  p r e d i c t i o n s  o f  f l ow i n  t h e  end r e g i o n s ,  which i s  
where e f f e c t s  a t  t h e  f r e e z i n g  i n t e r f a c e  w i l l  be s e e n  from t h e  
f r o z e n  c r y s t a l ,  which is what w e  e x p e r i m e n t a l l y  obse rve .  T h e i r  
p r e d i c t i o n s  are t h a t  i n c r e a s i n g  t h e  h e a t  loss a t  t h e  s u r f a c e  
(which can  b e  done by u s i n g  g a s  i n s t e a d  o f  va-wum) s h o u l d  s t a b i l i z e  
t h e  flow. For lower s u r f a c e  h e a t  loss ( B i o t  No.= 0) , i n  
i n f i n i t e l y  l o n g  zone and g = 0 ,  a c r i t i c a l  Marangoni number, 
Mc = 14.7 is  p r e d i c t e d  ( P r a n d t l  No. = 0 . 0 2 ,  which  a p p l i e s  t o  
s i l i c o n ) .  They i n d i c a t e  t h a t  bouyancy w i l l  s t a b i l i z e  m e l t  f l ows  
i n  e a r t h  expe r imen t s  (g = 1). 
W. N .  ~ i 1 1 ' ~ )  h a s solved f o r  t h e  r e g i o n s  o f  s t a b l e  and 
u n s t a b l e  s o l u t i o n s  f o r  c y l i n d r i c a l  zones .  For f l o a t  zones ,  
G i l l  p r e d i c t s  t h r e e  r e g i o n s ,  d e f i n e d  by t h e  pa rame te r  
d  = h a l f  d e p t h  of f l o a t i n g  zone 
1 = zcne l e n g t h  
Ma = Marangoni number 
P r  = P r a n d t l  number = 0 . 0 2  f o r  S i  
S t a b l e  r e g i o n  
Only t i m e  dependent  s o l u t i o n s  
S t a b l e  r e g i o n ,  w i t h  2 or 3 s o l u t i o n s  
G i l l  i n d i c a t e s  t h a t  t h e  f l o a t i n g  zone ( c y l i n d e r )  shows t h e  
clearest ev idence  f o r  u n s t a b l e  hydrodynamic b e h a v i o r  f o r  s u r f a c e  
t e n s i o n  d r i v e n  flow. 
Using G i l l ' s  c a l c u l a t i o n  of Ma and t h e  pa rame te r  f o r  s t a -  
b i l i t y  l i m i t s  ( A )  f o r  t h e  t h i n  rod  m e l t i n g ,  t h e  f o l l o w i n g  cases 
a r e  observed:  
a )  Diameter f u l l y  m e l t e d ,  n o t  s t r i a t i o n s  ( F i g u r e  1) 
d = . l o 5  i n c h  = . 2 6 m  Ma = 436 
1 = . 4  i n c h  = lcm 
AT = 4 . 7 0  i = 785  
(d = r a d i u s  f o r  f u l l y  me l t ed  c y l i n d e r )  
The M a  v a l u e  is  much h i g h e r  t h a n  Xu and Davis '  Mc, 
w h i l e  t h e  X v a l u e  is i n  t h e  u n s t a b l e  area. 
) Thin rod  p u l l i n g  ( i n i t i a l  zone p r o c e s s i n g  t o  make t h e  
t h i n  r o d ) ,  where o n l y  s t r i a t i o n s  t h a t  are a l m o s t  
p a r a l l e l  t o  t h e  t h i n  rod  a r e  obse rved .  
d  = .3c. Ma = 1 4 8 3  
1 = lcm 
AT 20°C  ( i n  r . f .  z o n e r )  X = 7 8 2 0  
S i n c e  t h i s  c r y s t a l  is  grown i n  a n  a rgon  a tmosphere ,  
t h e  M v a l u e  from X u  and Davis  f o r  surface  h z a t  t r a n s f e r  
C 
( B i o t  N o .  = 1) is  3 5 . 4 .  The vale;.:. -:I'- ,. is i n  t h e  
r e g i o n  o f  s t a b l e  f low w i t h  t h r e e  cel ls  ( G i l l ) .  
c )  1 i n c h  d i a m e t e r  c r y s t a l s  zoned i n  an  r . f .  zone r  - which 
are s t r i a t e d .  
The Marangoni number i s  a lmos t  a s  high as i n  SpaceLab 
and X i s  v e r y  h igh .  
d )  N i t s c h e  and  E y r e ' s  SpaceLab expe r imen t ,  where s t r i a t i o n  
p a t t e r n s  a r e  observed .  
(The az imu tha l  AT = 10" (I8) and an  a x i a l  AT o v e r  l c m  SO0 
(The same assumpt ion  I use  f o r  slices u s i n g  two focused  
e l l i p t i c a l  h e a t e r s ) .  The Ma i s  v e r y  h i g h ,  w h i l e  t h e  X 
v a l u e  i s  a n  o r d e r  cf magnitude beyond G i l l ' s  c u r v e s .  
The c a l c u l a t i o n s  o f  t h e  lower  s t a b i l i t y  l i m i t  o f  G i l l  
i n d i c a t e s  t h e r e  i s  no way t o  s t a y  w i t h i n  t h a t  s t a b l e  zone 
w h i l e  f l o a t - z o n i n g  o f  s i l i c o n .  H i s  l i m i t s  o f  t h e  i n s t a b i l i t y  
r e g i o n  d o  cot c o i n c i d e  w i t h  t h e  p r e s e n t  e x p e r i m e n t a l  e v i d e n c e .  
The s m a l l  d i a n e t e r  r o d s  (5.5-6mm) zoned i n  t h i s  e f f o r t ,  j i n g  
& v e r y  g r a d u a l  t h e r m a l  g r a d i e n t  (4.7°C/.5cm) shou ld  be Ln t h e  
c e n t e r  o f  t h e  i n s t a b i l i t y  r e g i o n ,  b u t  y e t  show no s t r i a t i o n s .  
N i t s c h e ' s  exper iment  on SpaceLab 1 w i t h  l a r g e r  r o d s  (10inm d i a m e t e r )  
and a  h iqh  gradiant (30-60°C/.5-.7cm h a s  a v e r y  h i g h  cha rac -  
t e r i s t i c  v a l u e  (beyond G i l l ' s  c u r v e s )  and d o e s  e x h i b i t  normsl  
s t r i a t i o n s .  One i n c h  d i a m e t e r  c r y s t a l s  grown i n  a n  r . f .  z o n e r  
have a h i g h e r  c h a r a c t e r i s t i c  number y e t ,  and e x h i b i t  t h e  oscil- 
l a t o r y  s t r i a t i o n s .  
F. W - G O N I  FLOW I N  SILICON SLICE MELTS 
The e x p e r i m e n t a l  o b s e r v a t i o n s  a r e  t h a t  s t r i a t i o n s  perpen-  
d i c u i a r  t o  t h e  growth d i r e c t i o n  ( c o r r e s p o n d i n g  t o  a t o r o i d a l  
f l u i d  f low p a t t e r n  i n  a  c i r c u l a r  t h i n  m e l t  c r o s s - s e c t i o n )  a r e  
observed  i n  o n l y  12% o f  t h e  sl ices ana lyzed .  By c o n t r a s t ,  i n  
one i n c h  - , iameter  f l o a t  zoned r o d s ,  t h e y  are a lways  obse rved .  
 ill'^' s o l v e d  f o r  r e g i o n s  o f  i n s t a b i l i t y  i n  a p l a n a r  f l o a t i n g  
zone s l o t  ( e x ~ e p t . 1 1 i s  i s  h e a t e d  from t h e  s i d e s )  and showed 
no i n s t a b i l i t y  r e g i o n .  
Smith and Davis  ('I do  p r e d i c t  b u l k  wave i n s t a b i l l t i e s  a t  
approximate ly  90° t o  t h e  growth d i r e c t i o n .  They have ana lyzed  
f o r  t h e  bu lk  wave i n s t a b i l i t i e s  i n  a two d i m e n s i o n a l  s l o t ,  which 
would cor respond  to  t h e  h a l f  t h i c k n e s s  o f  a mo l t en  s l ice,  from 
t h e  c t n t e r  t o  t h e  mol ten  edge .  T h e i r  model i s  i n  two d imens ions  
and for d<<l ( t h i c k n e s s < < l e n g t h j .  T h i s  would approximate  a  
t h i n  slice o f  l a r g e  diameter--and t h e r e f o r e  at t h e  o u t e r  e x t e n t  
of m e l t ,  as compared t o  t h e  l a s t - t o - f r e e z e  p o s i t i o n  i n  o u r  
samples. They show t h a t  f o r  low P r a n d t l  number l i q u i d  ( S i ,  P r  = 
.023) ,  hydrothermal waves a r e  p r e d i c t e d  t h a t  have t h e i r  a x i s  almosc 
pe rpend icu la r  t o  t h e  growth d i r e c t i o n .  T h e i r  example is  f o r  a 
l m m  t h i c k  s i l i c o n  geometry, w i t h  a hydrothermal  ro l l  geometry 
a t  86O to  t h e  x (growth) d i r e c t i o n .  (S ince  w e  c u t  o u r  samples 
a l o n g  a d iamete r ,  w e  would n o t  observe  t h i s  a n g l e  be ing d i f f e r e n t  
from 90°). The wave l e n g t h  o f  t h e  ro l l  f o r  a Lmm t h i c k  slice 
would be 1.5cm8 longer  than  o u r  m e l t ,  which means t h a t  end 
e f f e c t s  ( t h e  s o l i d  s i l i c o n  s l ice)  would dampen o u t  such a n  u n s t a b l e  
wave rol l .  The time per iod  between o s c i l l a t i o n s  ( 2  seconds)  
is abou t  a s  long a s  t h e  f a s t e s t  f r e e z i n g  t i m e s  f o r  samples of  
t h i s  r e p o r t .  While t h e  t h i n n e r  m e l t s  (.03 t o  .06cm) w i l l  change 
t h e  frequency,  it is  u n l i k e l y  t h a t  such o s c i l l a t i o n s  could  be 
seen  a t  t h e  p r e s e n t  exper imenta l  c o n d i t i o n s .  The c a p i l l a r y  number 
f o r  o u r  slices would be about  i n d i c a t i n g  w e  should  n o t  
see s u r f z c e  d e f a m a t i o n .  Sur face  h e a t  t r a n s f e r  a l s o  s t a b i l i z e s  
f low, which might a l s o  be t a k i n g  p l a c e  when w e  use  an  Argon g a s  
p ressure .  The best chance t o  see t h e  o s c i l l a t i o n s  p r e d i c t e d  by 
Smith and Davis w ~ u l d  be to  have a l a r g e  d iamete r  m e l t ,  o f  t h i c k e r  
c ross - sec t ion ,  regrown v e r y  s lowly  and i n  vacuum. 
The fo l lowing a r e  c a l c u l a t i o n s  f o r  t h e  Marangoni number and 
bill 's c h a r a c t e r i s t i c  X f o r  zoned slices. Three r e g i o n s  a r e  
c a l c u l a t e d :  
a )  A t  o u t e r  m e l t  r i m ,  where n e i t h e r  s t r i a t i o n s  pe rpend icu la r  
t o  growth o r  s u r f a c e  s t r u c t u r e  p a r a l l e l  t o  growth are 
seen on t h e  s u r f a c e ,  a l though  t h e  l a t t e r  has  Seen seen  
i n  t h e  I n t e r i o r .  
d = .0325cm 
1 = l c m  
AT . 30°C 
The Marangoni number is q u i t e  h i g h ,  b u t  X i s  i n  a s t a b l e  
r eg  ion .  
b. A t  t h e  t h i n n e s t  cross s e c t i u n  of t h e  m e l t ,  where 
both o c c a s i o n a l  s t r i a t ~ o n s  p e r p e n d i c u l a r  to  t h e  growth 
d i r e c t ~ o n  and s u r '  -e s t r u c t u r e  p a r a l l e l  to t h e  growth 
d i r e c t i o n  a r e  s e e n .  
d = .016cm M a  = 2225 
1 = .8cm 
AT 30n C h = 1.83 
The Marangoni number i s  q u i t e  h i g h ,  b u t  1 i s  i n  a  
s t a b l e  r e g i o n .  
c. Near t h e  l a s t - t o - f r e e z e  peak. S ~ m e  i n t e r n a l  s t r i a t i o n s ,  
n o t  n e a r  t h e  s u r f a c e ,  &re seen .  E x c e r i o r  s t r u c t u r a l  
l i n e s ,  t h e n  s u r f a c e  r e l i e f  i n  t r i a n g u l a r  o r  p l a t e l e t  
forms a r e  s e e n  !see F i g u r e s  15  and 1 6 ) .  
d = .145cm Ma = 111 
1 = .12cm 
AT 10°C X f= 17,316 
While t h e  Ma h a s  a medium v a l u e ,  t h e  v a l u e  f o r  j. i s  
a g a i n  an  o r d e r  of  magni tude h i g h e r  t h a n  G i l l  shows 
and o f  t h e  same o r d e r  o f  magni tude a s  t h e  N i t s c h e  
SpaceLab growth system ( f o r  lOmm d i a m t e r  r o d s ) .  
C. DISCUSSION AND FUTURT EXPERIMENTS 
The i n i t i a l  c o n c l u s i o n s  a r e  t h a t  t h e  c a l c u l a t e d  i n s t a b i l i t y  
r e g i o n  l i m i t s  ( c r i t i c a l  Marangoni numbers from sample models )  
a r e  t o o  l o w  f o r  s i l i c o n  rod m e l t s .  T h i s  is t o  be  e x p e c t e d ,  
s i n c e  f i n i t e  zone l e n g t h s  and  h e a t  e x t r a c t i o n  by conduc t ion  
a r e  expec ted  t o  s t a b i l i z e  t h e  f l o w s ,  t h u s  making t h e  cha rac -  
terist ic c r i t i c a l  numbers h i g h e r .  The s m a l l  d i a m e t e r  r o d s  
(5.5-6mm d iame te r  w i t h  a g r a d i e n t  o f  4.7OC/0.5cm) shou ld  be 
i n  t h e  c e n t e r  o f  G i l l ' s  u n s t a b l e  r e g i o n ,  y e t  w e  see no s t r i a t i o n s .  
N i t s c h e ' s  exper iment  on SpaceLab 1, w i t h  l a r g e r  r o d s  (10mm 
d i a m e t e r )  and h i g h e r  g r a d i e n t s  (>30°/0.5-0.7cm),  h a s  a  v e r y  
h i g h  h number (beyond C i i l ' s  c u r v e s )  and shou ld  be  u n s t a b l e ,  
a s  observed .  The i n s t a b i l i t y  l i m i t  t h u s  l ies  above Mc= 436 
(and p robab ly  >1480) b u t  below t h e  3500 obse rved  f o r  one  i n c h  
diameter r . f .  zoned crystals and the approximately 5500 for 
Nitsche's experiment. 
If we take Gill's characteristic stability n*mber ( A )  
as having to be - >7820, then the followinq AT over the length L 
could be realized in microgravity, where a zone size greater 
than the present 6mm diameter is possible: 
Diameter 6mm zone length 1.8cm AT 9g°C 
lcm lcm 6.7OC 
3cm 59.5OC 
2an 6cm 30 =C 
5cIn 15cm :2OC 
7.5cm 22.5cm 8OC 
lorn 3Ocm 6OC 
It is clear that one would have to go to long molten zones 
(possibly up to the Rayleigh limit. of nd) and nave a flat 
thennal profile within the zone to stay within the suggested 
stability limit. 
Further rod zoning experiments at g=l are needed to zone 
under a wide variety of growth speeds and conditions and 
continue to look for striations. Better definition of thermal 
profiles and zone characteristics should be used to support 
the present melt modeling efforts. 
If the preliminary predictions that are presented here 
are close to defining Mc experimentally, then hot-wall heated 
zones at g=l will not reach the instability limit. This will 
require longer and larger diameter zones only realizable in 
microgravity. Since growth of improved crystals is an important 
practical goal in space, the stability liinit will need to be 
obtained experimentally. 
The initial experiments in space should be with the present 
diameter of crystals, to confirm our ground-based results and 
to prove the experimental equipment. Slightly larger diameters 
(lcm) could be zoned in space by modification of the present 
heater design and c~uld test the stability limit at lcm. 
Power of up to 400 watts on the heater (600  watts total) 
could be accommodated by time-lining. Diameters of 2 to 2.5cm 
should be possible in the same zoning apparatus, by remaking 
the furnace assembly and time-iininq the experiment for 
sufficient power (in the Shuttle). The total power necessary 
is probably slightly less than the 1400 watts available to 
the MSL. Further scale-up of diameter would require a new 
zoner unit, which might still be possible on the Shuttle if 
sufficient power is available. 
As predicted by Gill, the silico~ slice melts do not 
usually show melt striatioris. The models of Gill and Davis 
do not closely fit our experimental geometery. This study 
parallels the work by John Verhoeven on tin, where he has 
not yet observed striations. Further correlation to Gill and 
Verhoeven's tin slice work should be done. More experimental 
runs under varying conditions in the Slice Zoner should more 
clearly indicate whether or not the thermal flow striations are 
indeed absent. If they are, then this method cannot be used 
to screen methods of adding surface layers to inhibit Marangoni 
flow, as was originally planned. The simplicity of working 
with this configuration would, however, lead to this being 
a screening method for showing surface layer (and gas atmo- 
spheres) that could be used and still allow growth of single 
silicon crystals, i.e., such that the surface layers do not 
lead to polycrystal growth by their nature. 
IV. PROTOTYPE FLOAT ZONE APPARATUS 
The research float zone apparatus which was developed during 
the first contract period(3) proved the concept of zoning with 
a low power resista~ce heated furnace. The profile was tailored 
by designing and testing a series of heater designs. This led 
to the zoning experiments reported mid-year of this contract (1) 
and some of the results shown in Section I above. The original 
unit was modified repeatedly to attain the best zoning conditions, 
which also led to defining the improved features needed for 
reliable zoning, especially on the Space Shuttle. 
The Prototype Float Zone Apparatus, described in the following 
sections, has been designed to be incorporated into a 36-inch 
high EAC (Experiment Apparatus Container) and to withstand the 
environmental shock and vibration necessary for Shuttle flights. 
Good design principles for commercial float zoner units have 
been used and co~nmercial parts and assemblies are used when 
available. The motor controller unit built in the first contract 
( 3 )  year is used and this has not been customized to an EAC and 
space environment configuration. That design and construction 
will be straightforward. Since the power (voltage and current) 
of the heater has been changing as the heater design is optimized, 
it also has not been designed and packaged for an EAC, but this, 
likewise, should be easily accomplished. 
The packaging concept for the Flight Float Zone Apparatus 
is to house the zoning apparatus (heater, movements, samples) 
in one EAC and the power supplies, motor controls, gas atmosphere 
controls in a second EAC. The microprocessor controller and 
tape recorder now being developed for the AADSF (Advanced Auto- 
mated Directional Solidification Furnace) is being and will 
continue to be evaluated for this application. These would 
be mourlted on the side mounting plate of the MLS. 
The Prototype Float Zone Apparatus is shown in Figure 17. 
This shows the unit inside the environmental vacuum belljar, 
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- 4 3 -  
which simulates the EAC. The design is described below by major 
systems: a) heater design, b)  mechanical design of the zoner's 
structure and movemcnt, and c) electronic control of the motors. 
The specifications of what the zoner is expected to do are updated 
(these were originally submitted to NASA in April 1984). A 
preliminary set of hardware specifications is included. 
. . 
A. YEATER DESIGN 
- - 
The key feature of a resistance heated zoning apparatus 
is the thermal profile that can be attained in the material 
being zoned. The traditional methods of zoning (r.f. coil, 
electron beam, hot (single) wire and focused light) have the 
ability to focus a large amollnt of power in a small area (a 
thin cylindrical zone). For the zoning of silicon (which is 
normally done with r . f .  coils, but has also been successfully 
done with electron beam), a large amolmt of power goes into 
the center of the molten zone, with heat losses (radiative, 
gas convection, and solid conduction) being balanced with power 
input to maintain the zone length. This is not only very wasteful 
of power, which is an important consideration in space experi- 
mentation, but also maximized melt flows due to bouyancy flow 
(at g = 1) and ~arangoni flow. The present experimental hot-wall 
heater has been designed to: 
a) minimize power losses 
b) minimize melt thermal gradients 
c) eliminate radial thermal gradients (prevalent in r . f .  
coil and focused light heaters) 
while controlling the zone length as to not exceed the maximum 
zone length that can be held by surface tension (at g = 1). 
Last year several design features were redefined and heater 
( 3 )  construction material and process problems were solved . 
The use of an alumina core tube and cements with Pt-10% Rh heater 
wire has been successfully developed. While higher temperature 
r e s i s t a n c e  w i r e  can be used (up t o  Pt-40% R h ) ,  t h e s e  a r e  s t i f f  
and b r i t t l e  and n o t  easy  t o  w o ~ k  wi th .  A q u a r t z  .?iner is  now 
always used to: 
a )  prevent  evaporated s i l i c o n  from d e p o s i t i n g  on t h e  alumina 
tube  and changing i t s  h e a t  r a d i a t i o n  c h a r a c t e r i s t i c s ,  
b)  preyrent  any gaseous components from t h e  h e a t e r  s t r u c t u r e  
from contaminat ing t h e  s i l i c o n  m e l t ,  and 
c) prevent  s i l i c o r i  m e l t  s p i l l s  from f r e e z i n g  on t h ~  alumina, 
which s h o r t e n s  i ts u s e f u l  l i f e .  
The ql lar tz  l i n e r  i s  changed wi th  each sample, t o    re vent h e a t i n g  
parameter changes which v e r e  observed when q u a r t z  was used f o r  
~ n u l t i p l e  runs  ( r e q u i r i n g  a h igher  heatex tempera ture  f o r  m e l t i n g ) .  
Th i s  i s  caused by s i l i c o n  o r  o t h e r  f i l m s  condensing or. t h e  
q u a r t z  and by d e v i t r l f i c a t i o n  of  t h e  q u a r t z  a t  1500°C. Because 
o f  t h e  condensed f i l m s ,  it was decided n o t  t o  use  s a p p h i r e  
(which would n o t  d e v i t r i f y )  and t o  change t h e  l i n e r  w i t h  each 
s i l i c o n  rod. 
The o u t e r  fu rnace  assembly drawing is  shown i n  F igure  18 
and t h e  h e a t e r  and i n s u l a t i o n  p a r t s  a r e  shown i n  F igure  19 
(wi th  t h a  b i l l  o f  m a t e r i a l  fo l lowing) .  The ends o f  t h e  fu rnace  
hoilsing have so lde red  aluminum c o o l i n g  t u b e s  [ f o r  wa te r  o r  f r e o n )  
and t b i s  method i s  used to  remove h e a t  frcm t h e  furnace .  Con- 
duc t ion  by t h e  s i d e  w a l l s  t o  t h e  ends i s  s u f f i c i e n t  t o  keep t h e  
s i d e  w a l l s  coo l  ( to  t o u c h ) .  
During t h e  c o n t r a c t ,  a  series o f  h e a t e r  d e s i g n s  have been 
t e s t e d .  For e a s e  o f  p r o f i l i n g  i n  an  open l a b  eravironment and t o  
minimize t h e  c o s t  of  plat inum, a s  w e l l  a s  t o  work o u t  c o n s t r u c t i o n  
and handl ing  methods, Kanthal w i r e  models a r e  f i r s t  made and 
t e s t e d .  Bptimizirig o p e r a t i n g  parameters  on t h e s e  a l s o  Lnimizes 
t h e  r i s k  t o  t h e  P t  h e a t e r .  A series o f  d e s i g n s  a r e  desc r ibed  
i3 T a ~ l e  3 and t h e i r  comparative p r o f i l e s  a r e  shown i n  F igure  20 
The l a t e s t  h e a t e r ,  designed f c r  a s h a r p e r  peak p r o f i l e  i n  
o r d e r  t o  have more f l e x i b l e  c o n t r o l  on t h e  m p l t  zone width ,  
is  desc r ibed  below. Model I1 and e a r l i e r  d e s i g n s  i e d  t o  long 
m e l t  l e n g t h s  ( u s u a l l y  d/L = 1/1 .5)  which le; 1s t o  f r e q u e n t  s p i l l s .  
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MATERIAL 
AL Too~'6 P U E  
- 
- 
MATL SPEC 
3 -BEATER.- 
UN,QU!INFOIUlATIQN ( 4  INCH EJOUND mS) 
BOTTOM 1-1/2" MIDDLE 3/16" TOP 2-5/16' 
- - - - L E N G T H  n- - - - -  L E N G T R  
Model 111 
! ( 4  of t u r n s  Pr imary)  0 
Model 111 
. ( #  of t u r n s  Secondary)  3 
node1 I1 
( #  of t u r n s  Pr imary)  9-1/2 
Model I1 
( #  of t u r n s  Secondary)  3 
Model I 
( #  of t u r n s  Pr imary)  9-1/2 
Model I 
( I  of  t u r n s  Secondary)  3 
Core  I 
*2 0 3  -, 
Dimensions .375" x ,500" .50Ou x .75Ou - 550"  x -785" 3. 
Winding 
Material P t  10% Rh 
Diameter -032" 
Thermocouples 5 5 3 
3 a t  peak zone  A s  i n  Model I A 1 1  a t  peak 
1 a t  each  end Zone 
P t -P t  13% Rh .015a A s  i n  Model I A s  i n  Model I 
I n s u l a t e s  Alumina Cement Alumina Cement Alumina Cement 
Ceramabond 569 Ceramabond 569 Ceramabond 569 
(low s i l i ca )  ( low s i l i c a )  (low silica) 
I' ICIUIIL LU . L U I ~ I ~ I \ ~ A ~ U I U  VL' I nur A L C ~  V D A I I A  I*LU A I~UI~I 
MODEL I, 11, AND 111. Pt 10% Rh Heaters 
5.6 11.7 7.8 3.9 PEAK 3.9 7.8 11.7 
AXIAL DISTANCE 
BOTTOM f DJSTANCE (mm) .- TOP 
A t h i n  m e l t  zone and a  sharper  peak a r e  t h u s  d c s i r e d .  The 
core d iame te r  was a l s o  i n c r e a s e d  t o  a l l o w  more s p a c e  between t h e  
s i l i c o n  m e l t  and t h e  q u a r t z  l i v e r ,  such  t h a t  a  m e l t  can  s a g  
( n o t  s ~ i l l )  and s t i l l  n o t  t ouch  t h e  l i n e r ,  a s  h a s  happened 
p r e v i o u s l y .  
Based on t h e  i n f o r m a t i o n  o b t a i n e d  from t h e  Kantha l  model 
h e a t e r  (Model I I I ) ,  t h e  Model 111 h i g h  t e m p e r a t u r e  (Pt-10% Rh) 
h e a t e r  was des igned  and c o n s t r u c t e d .  For any given heater 
e lement  t h e  peak zone l e n g t h  would be  a f u n c t i o n  of a )  t h e  winding 
s p a c i n g s  o f  t h e  pr imary  and seconda ry  c o i l s ,  b )  t h e  power d i s t r i -  
b u t i o n  between t h e  pr imary  and seconda ry  c o i l ,  c )  t h e  th ickness  
o f  t h e  a lumina core o n t o  wnich t h e  c o i l s  a r e  wound, d )  t h e  
t h i c k n e s s  o f  i n s u l a t i o n  between t h e  c o i l  l a y e r s ,  e )  t h e  i n s u l a t i o n  
t h i c k n e s s  c o v e r i n g  t h e  s econda ry  c o i l ,  and f )  t h e  t he rma l  con- 
d u c t i v i t i e s  o f  each  m a t e r i a l  of c o n s t r u c t i o n .  S i n c e  t h e  r e l a t i o n -  
s h i p  between t h e s e  v a x i a b l e s  and t h e  peak t e m p e r a t u r e  zone had 
n o t  been e s t a b l i s h e d ,  it was n e c e s s a r y  t o  e x p e r i m e n t a l l y  f i n d  
c u t  t h e  optimum power d i s t r i b u t i o n  ibetween p r imary  and seconda ry  
coi ls)  f o r  t h e  na r rowes t  p o s s i b l e  peak t e m p e r a t u r e  zone.  
The d e s i g n  o f  t h e  h e a t i n g  e lement  f o r  t h e  zoner is  based  
upon a  Kantha: h e a t e r  o f  s imilar  d e s i g n ,  which h a s  been p r o f i l e d  
and t h e  r e l a t i c - n s h i p  between p a r a m e t e r s  has  been de t e rmined .  
The h e a t e r  is f a b r i c a t e d  by t n e  t e c n n i q u e s ,  deve loped  d u r i n g  
t h e  t w o  y e a r s  o f  t h i s  c a n t r a c t ,  which provide? f o r  a  r e l i a b l e  
o p e r a t i o n  ( a t  t empera tu re )  o f  230-330 hour s .  F i g u r e  21 shows 
t h e  schema t i c  c r o s s - s e c t i o n  o f  h e a t e r  Model 111. The p r imary  
winding i s  a  s i n g l e  t u r n  o f  Pt-10% Rh w i r e .  T h i s  i s  s i m i l a r  to  
a  " t i c k l e r  c o i l "  commcnly used t o  p r c v i d e  h i g h  t h e r m a i  g r a d i e n t s .  
Between t h e  a lumina c o r e  and t h i s  c o i l  a r e  t h r e e  t he rmocoup le s ,  
spaced  120' a p a r t  ( t h e  redundancy i s  i n  c a s e  one o r  two burn 
o u t  o r  b reak )  t o  measure t h e  peak t empera tu re  and i s  used t o  c o n t r o l  1 
t h e  h e a t e r  power. 
The secondary  co i l  has  8 t u r n s ,  spaced a s  a k ~ h r l .  T ~ L ?  thermal  
peak i s  0 .5  i n c h  below t h e  h e a t e r  c e n t e r  ( f o r  e a r t h  z a n i n g )  so ! 
a s  to  p rov ide  f o r  h e a t i n g  o f  t h e  f e e d  p o r t i o n  of t h e  rod and 

e x t r a c t i n g  h e a t  from t h e  s o l i d i f y i n g  end.  Tab le  4 i n d i c a t e s  
t h e  s p e c i f  i c a t . i o n  o f  each  m a t e r i a l  used.  The i ~ ~ s u l a t l n g  l a y e r s  
a r e  a p p l i e d  i n  t h i n  l a y e r s  and c a r e f u l l y  cu red  i n  o r d e r  no t  
t o  have t h e  ce ramic  i n s u l a t i o n  f l a k e .  The h e a t e r  i s  t h e n  p l aced  
i n s i d e  t h e  f u r n a c e  hous ing  (see i n  F i g u r e  18 )  and i s  sur rounded  
w i t h  a  Low h e a t  c o n d u c t i n g  Z r 0 2  ce ramic  foam which h a s  been 
machined t o  f i t  t h e  o u t s i d e  o f  t h e  h e a t e r .  
The the rma l  p r o f i l e  is op t imized  by v a r y i n g  t h e  power 
d i s t r i b u t i o n  between t h e  pr imary  and seconda ry  coils .  While 
it would seem t h a t  t h e  s h a r p e s t  t he rma l  peak ( a s  p i c t u r e d  i n  
F i g u r e  23) would r e s u l t  from m o q t  o f  t h e  c ~ r r e n t  go inq  th rough  
t h e  s i n g l e  t u r n  p r imary  c o i l ,  t h i s  is  n o t  t h e  case. F i g u r e  2 2  
shows i s o t h e r m s  a t  peak t empera tu re  -n°C (n = 0.5 ,  1, 2 and 4 )  
a t  d i s t a n c e s  from t.he l o c a t i o n  o f  t h e  peak t e m p e r a t u r e  f o r  
d i f f e r e n t  r a t i o s  o f  power on t h e  pr imary  coi l  (as compared t o  
t h e  s e c o n d a r y ) .  
For t h i s  h e a t e r  d e s i g n ,  it i s  found t h a t  for 22% power on 
t h e  pr imary c o i l ,  t h e  n a r r o w e s t  p o s s i b l e  t e m p e r a t u r e  zone i s  
achieved .  
The t e m p e r a t u r e  p r o f i l e  a l o n g  t h e  a x i s  of t h e  h e a t e r  i s  
shown i n  F i g u r e  2 2 f o r  t h e  above power d i s t r i b u t i o n .  The (Peak - 
0.5)OC zone i n  t h e  p r e s e n t  h e a t e r  measures  less t h a n  1.5mm, 
compared t o  3.33mm o b t a i n e d  on  t h e  h e a t e r  shown i n  t h e  I n t e r i m  
Report .  ( I '  The maximum t e m p e r a t u r e  a t t a i n e d  d u r i n g  t h e  p r o f i l i n g  
expe r imen t s  was 1148°C r a t h e r  t h a n  - 1 5 0 0 ° ~ ,  i n  o r d e r  t o  have 
a  pro longed  l i f e  o f  t h e  h e a t e r  e lement .  P r o f i l i n g  s t u d i e s  have 
shown t h a t  p r o f i l i n g  a t  lower  t e m p e r a t u r e s  l e a d s  t o  r e l i a b l e  
sets o f  o p t i m i z i n g  c o n d i t i o n s  and t h a t  t h e  t e m p e r a t u r e  p r o f i l e  
g r a d i e n t  i s  l a r g e r  a t  h i g h e r  t e r i p e r a t c r e s ,  due  t o  h i g h e r  end 
losses. By comparison t o  e a r l i e r  o p e r a t i n g  models  o f  . le Pt 
h e a t e r s ,  t h e  expec ted  o p e r a t i o n a l  l i f e  a t  t h e  t e m p e r a t u i e s  
o f  1500°C is  200  h o u r s .  
TABLE 4. PLATINUM HEATER MATERIAL SPECIFICATIONS 
Alumina Core: 0.550" I.D. 
0.785" O.D. 
Thermocouple Leads: at ends - Primary, none 
Heater Wire: Pt 10% Rh 
[Supplier Englehard) 
Insulation Layers: Low siiica, Alumina cement 
(Supplier AREMCO Ceramics, 
Ceramabond # 5 6 9 j 
Windings: Bottom 1-1/2" - Primary, 0 turns - Secondary, 3 turns 
Middle 3/16" - Primary, 1 t u r n  - Secondary, 1 turn 
Tap 2-5/16" - Primary, 0 turns - Secondary, 5 turns 
FIGURE 2 2 .  COIL POWER DlSTRIBUTION FOR SHARPEST THERMAL PEAK 
P e a k  T e m p e r a t u r e  - n ° C  
Peak - 
P e a k  .- Z ° C  
A Peak - 1°C 
P e a k  - 0.5OC 
% Power on P r i m a r y  .- 
FIGURE 23.  TEMPERATURE PROFILE FOR HEATER MODEL I11 
Bottom <-Distance Top 
B. MEZHANCI-gL DESIGN OF THE THIN ROD ZONER 
- 
1. INTRODUCTION 
The previous contract period saw construction of a Thin 
Rod Zoner which serves as a breadboard for the science experi- 
ments, and provides for acquiring data on furnace performance. 
It is a test bed for ideas for the flight version. Using this 
background experience, a new Thin Rod Zoner of simpler design 
and jmproved performance was constructed. This part of the 
report will describe the new Zoner and the reasoning behind 
the various design decisions. Discussion of the Zoner as a 
whole will involve the various sub-assemblies; these will be 
discussed in detail in following paragraphs. 
Difficulties in the zoning of silicon crystals indicated 
that the first Thin Rod Zoner needed better alignment and vibra- 
tional stability. These were suspected for the spill of several 
melts as the melt volume approached the limit sustainable by 
surface tension, where stability will be most critical. In 
the design of the Prototype Zoner, the areas of a) precise and 
non-stressed silicon sample holding, b) maintaining good sample 
and furnace alignment, and c) non-vibrating movement and a high 
natural frequency of the equipment were stressed. 
The following major areas were addressed in the design 
of the new zoner: 
1. Alignment 7. Melt thru detection 
2. Rigidity 8. Material preparation 
3. Weight 9. Multiple samples 
4. Size 10. Pressure and atmosphere 
5. Movement precision 11. Heat remove1 
6. Repeatability 12. Power budget 
a. Alignment 
Construction and operation of the prototype zoner 
pointed out several areas of concern. Alignment of 
a. Alignment (continued) 
the top and bottom chucks for both concentricity and 
axis parallelism is crtlcial in that the sample could 
move after melt through and contact the interior wall 
of the furnace. This is catastrophic because the 
sample bonds to the wall, which not only ended the 
experiment but requires that the entire mechanism be 
disassembied to remove the silicon. The mis-alignment 
was caused by two things: the drive mechanisms were 
not concentric, and the sample chuck's design made use 
of flexible gripping fingers that did not provide an 
adequate method of axial alignment. Specifics of the 
new chuck and furnace will be discussed in succeeding 
paragraphs. 
b. Structural Rigidity 
Structural rigidity is necessary to ensure that crystal 
growth is not detrimentally affected by mechanical 
operation of the machine. Sources of mechanical noise 
and a natural vibration frequency of the zoner structure 
in the frequency range of the silicon rod being zoned 
can lead to vibrations in the melt. When these are 
severe (during resonance) bad crystal stracture or 
melt spill can result. It is also necessary to ensure 
that the multi-axis multi-G inertia loads imposed by 
takeoff, re-entry, and landing do not affect alignment; 
this is especially important to the operation of the 
automatic sample holder. Both alignment and rigidity 
are assured by the use of a commercially manufactured 
dovetail slide mechanism that is designed to possess 
these qualities (refer to drawing no. 1077-08075). 
The cross--section of the slide (part no. 2) can be 
seen in the top view; this is an inherently rigid 
section. Note also the added support that is provided 
by the stiffener (p,.lrt no. 10); this component also 
serves as a mount for other parts. The slide is made 
with three movable slide parts. The top rotation 
assembly, che furance, and the bottom rotation assembly 
are securely fastened t-o top, mid and bottom sliding 
parts, respectively. Vertical movements of the bottom 
rotation and furnace are via precision lead screws 
that are controlled by gearhead servomotors. The upper 
rotation assembly is positioned by a handwheel; this will 
be done by motor in the flight version. Alignment 
inaccuracy is limited to clearance in the slide assembly 
and manufacturing clearances in the slide, both of which 
are less than one thousandths inch. 
c. Precision and Repeatability 
Precision and repeatability are inportant for two 
reasons--uniform growth, and precise positioning for 
sample changing. These needs are met by use of closed 
loop velocity servomotor controls and high precision 
mechanical components. The present motor control is 
an analog system, but the flight unit will use a crystal 
time base digital system developed by Westech Systems 
for commercial use that is capable of 0.01% accuracy. 
d. Material Preparation 
Material preparation is also crucial; perfectly aligned 
chucks and furnace are to no avail if the sample rods 
are crooked or of non-uniform diameter on the ends. 
Currently used are polysilicon rods grown on a ccmmercial 
slim rod puller (Westech Mcjdel 1004) that are straight 
as grown. End preparation will consist of concentri- 
cally grindiny one inch of each end to a uniform diameter, 
then silver plating the ends and silver brazing a sleeve 
with an inboard flange on each end (drawing no. 1077-08180). 
Thus the rods are assured of secure yet stress free 
retention. 
e. P r e s s u r e  C o n t r o l  
The p r o t o t y y c  z o n e r  provided local p r e s s u r c  c o n t r o l  
f o r  t h e  f u r r m c e  by enclosing i t  i n  a s m a l l  vacuum 
chsmber .  T h i s  p o s e s  snmc s e r i o u s  d e s l g n  p r o b l e m s  when 
au tomated  s a m p l e  c h a n g i n g  i s  i n c l u d e d .  Zoning p r e s s u r c  
arid a tmosphere  i s  0 . 1  to r r  Arqon,  the ref^, - n e i t h e r  
h i g h  vacuum n o r  h i g h  p r e s s u r e  t e c h n i q u e s  a r e  n e c e s s a r y .  
-it i s  f e a s i b l e  t o  s i m p l y  e v a c u a t e  t h e  i n t e r i o r  of t h e  
c a n n i s t e r ,  e s p e c i a l l y  s i n c e  t h e  c o n t r o l  s y s t e m s  and  
g a s  s y s t e m s  w i l l  b e  s t o r e d  i n  a s e p a r a t e  EAC. T h i s  
method a l l o w s  t h e  a r r a n g e m e n t  shown i n  the d r a w i n g  
(no. 1077-08075) ;  t h e  new f u r n a c e  a s s e m b l y  i s  s i m p l y  
b o l t e d  o n t o  t h e  s l i d e ,  t h u s  a s s u r i n g  a r i g i d  and  a c c u r a t e  
a l i g n m e n t  t h a t  r e d u c e s  t h e  c o m p l e x i t y  of t h e  s t r u c t u r e ,  
w h i l e  n i c e l y  meeting t h e  p r e s s u r e  and  a t m o s p h e r i c  n e e d s .  
P r e s s u r e  r e g u l a t i o n  w i l l  be c o n t r o l l e d  by vent ir .3  t h e  
c a n n i s t e r  i n t o  s p a c e  a n d  f l o w i n g  t h e  r e q u i r e d  q u a n t i t y  
of Argon i n t o  t h e  s y s t e m .  
The EAC t h a t  c o n t a i n s  t h e  E l e c t r o n i c s ,  G a s  a n d  Con- 
trols Package w i l l  n e e d  t o  be p r e s z u r i z e d  a t  o n e  Lmos- 
p h e r e ;  it may p r o v e  d e s i r a b l e  t o  u s e  a n  i n e r t  qas s u c h  ! '  
as N i t r o g e n  o r  Argon. T h ~ s  w i l l  b e  d e t e r m i n e d  i n  1 
ground  based  e x p e r i m e n t s .  
i 
f .  Melt Through I 
It  i s  n e c e s s a r y  t o  be a b l e  t o  d e t e r m i n e  t h e  e x a c t  moment Y 
% 
when t h e  c r y s t a l  melts t h r o u g h .  Movement of t h e  f u r n a c e  
c a n n o t  b e g i n  u n t i l  t h i s  o c c u r s .  I t  w a s  o r i g i n a l l y  
t h o u g h t  p o s s i b l e  to  i n j e c t  3 c u r r e n t  i n t o  t h e  t o p  
chuck t h e n  measure  t h e  change  of v o l t a g e  t h a t  o c c u r s  
a t  m e l t - t h r o u g h .  T h i s  method r e q u i r e s  t h a t  t h e  c h u c k s  
b e  e l e c t r i c a l l y  i s o l a t e d ,  which  c o m p l i c a t e s  t h e  d e s i g n .  
A s i m p l e r  method u s e s  a rnagne t i c  c l u t c h  of low t o r q u e  
c a p a b i l i t y  t o  c o u p l e  t h e  r o t a t i o n  f o r c e  f rom the bot tom 
f . M e l t  Throuqh ( c o n t  i n u c d )  
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chuck d r i v e  t o  t n e  c h u c k ,  b u t  a l l o w s  t h e  c l u t c h  t o  
s l i p  b e f o r e  m e l t - t h r o u g h  occurs. Thc not ion of t h e  
chuck is  m o n i t o r e d  by e i t h e r  op t i ca l  or- n l a g n c t i s  means;  
when it  s t o p s ,  m e l t - t h r o u g h  h a s  o c c r ~ r r e d -  
The c l u t c h  i l d s  s u f f i c i e n t  t o ~ q u e  to  a l low r o t a t l o n  
d u r i n g  z o n i n g  i f  t h i s  i s  r e q u i r e d .  Det.ai1.s of t h e  
d e s i g n  are d i s c u s s e d  i n  f o l l o u ~ n g  p a r a g r a p h s ,  i n  t h e  
s e c t i o n  c o v e r i n g  t h e  b o t t o n  chuck  d r i v e .  
The f l i g h t  v e r s i o n  w i l l  u t i l i z e  a n  Eddy C u r r e n t  
C l u t c h  r a t h e r  t h a n  t h e  pe rmanen t  magnet ;  t h i s  w i l l  
a s s u r e  g r e - t s r  r e l i a b i l i t y  arid c o n t r o l  o f  t o r q u e .  
2. Power Budget  
The t o t a l  power consumpt ion  now c o ~ ~ t e m p l a t e d  i s  w i t h i n  
t h e  power b u d g e t  f o r  e a c h  e x p e r i m e n t  o n  t h e  MSL, w i t h o u t  
t i m e - l i n i n g  f o r  a d d i t i o n a l  power. T h i s  s i m p l i f i e s  t h e  
s c h e d u l i n g  of e x p e r i m e n t a l  r u n s .  
Worst case power consumpti.on f o r  t h e  v a r i o u s  u n i t s  
is shown below. The power c o n v e r s i o n  loss o c c u r s  o n  
r e d u c t i o n  o f  t h e  24vDC t o  5vDC a n d  12vDC n e c e s s a r y  
f o r  t h e  compute r ,  h e a t e r ,  a n d  motor  c a n t r c l  c i r c u i t r y .  
T h i s  is t h e  w x s t  case; nomina l  u s a g e  could be r e d u c e d  
as much a s  one- i:al f . 
Heater 
Heater c o n t r o l  
Computer 
Motors  ( 4 )  
Analog c o n t r o l s  
Gas c o n t r o l s  
Power c o n v e r s i o n  
T o t a l  
A 1  lowed 
200 w a t t s  
20 
4 0  
40 
40 
50 
loss 75 
465 w a t t s  
470  w a t t s  
h. Cooling Requirements 
Equally important as the power requirements are the 
cooling needs. Cooling required should not exceed the 
electrical power input. Re-design of the heater inciuded 
a great amount of simplification because the cooling 
was found to be much less than originally planned. 
This will be discussed in the paragraphs specific to 
the heater. 
i. Multiple Samples 
The time needed to experimentally grow a silicon crystal, 
even with a series of different sequential conditions, 
is 2 to 3 hours. Flight opportunities are schduled 
far in advance and turnaround time for experinentsis 
1/2 to 1 year. Growing mere than one crystal rod would 
allow many more parameter studies and speed up the 
research. 
The concept of running several experiments was 
adiiressed briefly in previous contract reports and 
proposals. Re-design of the zoner included a concept 
I design of a sample changing mechanism that is quite !> 
simple yet should offer a high degree of reliability. 
Je believe that flight time is of high value and that 
it would be inappropriate to trust in one run on one 
sample to obtain the results desired. A detailed I 1 
i?. 
discussion of the mechanism is presented in the following ! %, 
paragraphs. 
2. THE THIN ROD ZONER 
This section will descri%, item by item, the Thin Rod 
Zonergs major assemblies (refer to drawing no. 1077-08075 and 
Bill of Material drawing no. 1077-08150). The item numbers 
will correspond to the C. -  wing numbers. h?lf -explanatory items 
such as screws and nut:. r c c . ,  will be omitted. An asterisk 
denotes an assembly that will be fully discussed separately. 
2. The T h i G o d  Zoner ( c o n t i n u e d )  
( 2 )  U n i s l i d e .  A p r e c i s i o n  d o v e t a i l  s l i d e  mechan1:;nl w i t h  
t h r e e  s e p a r a t e  s l i d e s ,  one e a c h  f o r  t h e  f u r n ~ i c e ,  the 
u p p s r ,  a n d  t h e  l o w e r  r o t a t i o n  d r i v e s .  
( 4 )  Base  P l a t e  Assembly. Bottom s t r u c t i l r a l  member t o  which 
a l l  o t h e r  components  a r e  mounted.  
( 5  ) F u r n a c e  Assembly* 
( 6 )  Upper R o t a t i o n  D r i v e *  
( 7 )  Lower R o t a t i o n  D r i v e ,  w i t h  C l u t c h *  
( 8 )  Lower Chuck Assembly* 
(9) Frame Member. S e r v e s  as a mount for  t h e  s a m p l e  c h a n g e r  
and  o t h e r  compoczn t s .  
( 1 0 )  S t i f f e n e r .  S e r v e s  t o  mount t h e  s h e l v e s  f o r  t h e  s a m p l e  
h o l d e r  and  p r o v i d e s  a d d i t i o n a l  v e r t i c a l  r i g i d i t y .  
(11) S h e l f ,  Lower. S e r v e s  as a  mouat  f o r  t h e  s a m p l e  c h a n g e r .  
( 1 2 )  S h e l f ,  Upper. S e r v e s  as a mount f o r  t h e  s a m p l e  c h a n g e r .  
( 1 4 )  L i m i t  S w i t c h  Mounts. A d j u s t a b l e  ~ n o u n t  f o r  t h e  l i m i t  
s w i t c h e s .  
i 1 6 )  Sample Holder .  A u t o m a t i c a l l y  r e p l a c e s  a zoned r o d  w i t h  
a new sample .  S e e  a d d i t i o n a l  p a r a g r a p h s .  
( 4 0 )  L i m i t  S w i t c h e s .  Mark t h e  t r a v e l  l i m i t s  f o r  t h e  r o t a t i o n  
a s s e m b l i e s .  
3 .  DESCRIPTION OF MAJOR ASSEMBLIES 
a. Sample Holder  
Drawing no. 1077-08170 a n d  B i l l  of M a t e r j i i  no. 1077-08160 
The sample  h o l d e r  h 3 l d s  s i x  reds.  O p e r a t i o n  c . f  t h e  
u n i t  i s  as f o l l o w s  ( r e f e r  t o  d r a w i n g  no.  1977-33075). 
At t h e  end  o f  a c r y s t a l  g r o w t h  r u n ,  t h e  f u r n a c e  i s  a t  
t h e  bo t tom o f  i t s  t r a v e l .  The b o t t a m  chuck  i s  opened  
a n d  t h e  t o p  r o t a t i o n  a s s e m b l y  moved t o  a  l o a d i n g  p o s i t i o n  
n e a r  t h e  t o p  qf i t s  t r a v e l .  A t  t h i s  p o i n t  a  clear 
s p a c e  e x i s t s  be tween  t h c  f u r n a c e  t o p  a n d  t h e  bo t tom 
o f  t h e  t o p  r o t a t i o n  a s s e m b l y ,  w i t h  t h e  zcned r o d  suspended  
from t h e  t o p  chuck; t h e  sample ho lder  call now be moved i n t o  
p o s i t i o n .  A d r i v e  and p o s i t i o n i n g  mechanism r o t a t e s  t h e  u n i t  
i n t o  p o s i t i o n  to  r e c e i v e  t h e  zoned rod. The rod is r e l e a s e d  
from t h e  t o p  chuck and is  grippe^ by t h e  sample ho lde r ;  sp r inq  
t e n s i o n  o f  s u f f i c i e n t  f o r c e  t o  overcome t h e  G-forces involved 
is a p p l i e d  t o  t h e  rod ends to  r e t a i n  t h e  samples i n  p lace .  
The t o p  r o t a t i o n  assembly i s  then  moved t o  t h e  t o p  of i t s  t r a v e l  
and t h e  sample ho lder  r o t a t e s  t h e  new rod i n t o  _posit io~.  The 
t o p  r o t a t i o n  assembly is  then  moved down i n t o  t h e  load p o s i t i o n  
where t h e  t o p  chuck g r a s p s  t h e  rod.  Tile sample ho lde r  i s  r o t a t e d  
i n t o  t h e  run  p o s i t i o n .  The t o p  r a t a t i o n  assembly i s  moved down 
t o  a l l o w  t h e  rod t o  e n t e r  t h e  bottom chuck. The fu rnace  is 
moved t o  i t s  t o p  p o s i t i o n  t o  begin t h e  next  run.  
The sample ho lde r  as dep ic t ed  i n  t h e s e  drawings does  no t  
show p o s i t i o n i n g  components; t h i s  u n i t  r e q u i r e s  a  r o t a t i o n a l  
d r i v e  to p o s i t i o n  t h z  sample i n  l i n e  w i t h  t h e  chucks and a sens ing  
system t o  determine t h a t  it is  p rope r ly  aligned. (Th i s  p a r t  of 
t h e  d e s i g n  has  no t  been completed.? 
( 2 )  Shaf t .  The  c e n t e r  s h a f t  s u p p o r t s  t h e  arms and serves 
as a p i v o t  . 
( 3 )  Spacer. P o s i t i o n s  t h e  arms i n  r e l a t i o n  t o  t h e  she lves .  
( 4 )  Spacer. P o s i t i o n s  t h e  arms i n  r e l a t i o n  t o  t h e  s h e l v e s .  
(5 )  Arm. The c e n t e r  arm s u p p o r t s  t h e  middle o f  t h e  sample 
rcds . 
(10) Arm, lower. The sample r o d s  are r e t a i r e d  and p o s ~ t i o n e d  
by t h e  arm. 
(11) Spring,  leaf. This  s p r i n g  provides  t h e  f o r c e  t o  r e t a i n  
t h e  sample rod i n  t h e  am. 
(15) Arm, upper. The sample rods  a r e  r e t a i n e d  and pos i t i oned  
by t h e  arm. 
(16)  Spring,  l e a f ,  ( r h )  . Thi s  s p r i n g  p rov ides  t h e  f o r c e  
to r e t a i n  t h c  sample rod i n  the arm. 
(17) Spring,  l e a f ,  ( l h ) .  Th i s  s p r i n g  provides  t h e  f o r c e  
to  r e t a i n  t h e  sample rod  i n  t h e  arm. 
( 2 0 )  S i l i c o n  sample rod. 
b. Upper R o t a t i o n  D r i v e  -- 
Drawing no.  1077-08093 a n d  D i l l  o f  M a t e r i a l  No. !-077-08100 
The u p p e r  r o d  r o t a t  i o n  r o t a t e s  t h c  ft!ed s i l  i c o n  roci t o  
e v e n  o u t  s l i g h t  t h e r m a l  f l u c t u a t i o n s  o r  t o  a l t e r  g r o w t h  
c o n d i t i o n s  s u c h  a s  g rowth  i n t e r f a c e  s h a p e .  The upper  
r o t a t i o n  d r i v e  c o n s i s t s  o f  a d r i v e  motor  a n d  h o u s i n g ,  
a p p r o p r i a t e  g e a r i n g  a n d  d r i v e  cha.;.?, and  i c h u c k  a s s e m b l y  
w i t h  mount ing  a x l e  and  b e a r i n g s .  V a r i o u s  m o d q t i n g  
p l - a t e s  c o m p l e t e  t h e  a s s e m b l y .  
The motors t h a t  a r e  commonly a v a i l a b l e  are n o t  d e s i g n e d  
t o  b e  u s e d  i n  a vacuum; t h i s  i s  p r o v i d e d  f o r  by h o u s i n g  
them i n  a n  aluminum s h e l l  w h i c h  i s  s e a l e d  t o  t h e  motor  
s p a c e r  w i t h  a n  o - r i n g .  The motor s h a f t  is  s e a l e d  where  
it e x i t s  t h e  s p a c e r .  W i r i n g  e g r e s s  is  v i a  EM1 s u p p r e s s i n g  
f e e d t h r o u g : ~ ~ .  T h i s  h o u s i n g  c a n  b e  s e a l e d  i n  e i t h e r  
a i r  o r  i n e r t  g a s ,  as d e s i r e d .  
R e f e r  t o  chuck  a s s e m b l y  d r a w i n g  no.  1377-08043 a n d  
B i l l  o f  M a t e r i a l  1077-08040. 
Al ignment  o f  t h e  s i l i c o n  r o d  is  c r i t l c a l  a n d  is a s s u r e d  
by t h e  d e s i g n  o f  t h e  c h u c k ,  :;hi& u t i l i z e s  a  p r e c i s i o n  
v -b lock  t o  h o l d  t h e  r o d .  A s p r i n g  l e a d e d  l e v e r  a p p l i e s  
p r e s s u r e  t o  t h e  r o d  t o  r e t a i n  it i n  t h e  "v" ,  t h u s  t h e  
r o d  is f i r m l y  r e t a i n e d  w h i l e  s t i l l  a l l o w i n g  r e a d y  
i n s e r t i o n  a n d  removal .  
( 2 )  P l a t e ,  s i d e .  S e r v e s  a s  a s t r u c t u r a l  m e m b e r  t o  
l o c a t e  items 5 and  6.  
( 3 )  P l a t e ,  back .  S t r u c t u r a l .  as m e .  
( 4 )  S p a c e r  b a r .  S t r u c t u r a l . ,  a s  above.  
(53 P l a t e ,  motor b e a r i n g .  X o u n t i n g  p l a t e  f o r  t h e  
r o t a t i o n  g e a r h e a d  m o t o r .  
6 P l a t e ,  b e a r i n g .  Plountinrj p l a t e  f o r  t h e  chuck  
b e a r i n g .  
( 8 )  Chuck a s s e m b l y .  I I 
( 9 )  S h a f t .  Axle  s h a f t  f o r  t h e  chuck .  % 
( 1 9 )  Key. Top and  bo t tom k e y s  a s s u r e  p r o p e r  a l i g n m e n t  1 
o f  t h e  a s s e m b l y  o n  t h e  s l i d e  ( I t e m  No. 2 ,  d r a ~ i n g  
no. 1077-08075) .  1 d - 
( 22 )  Flanged n y l i n e r  . S h a f t  sup-port b e a r i n g .  
(23)  Flanged n y l i n e r .  S h a f t  s u p p o r t  b e a r i n g .  
( 3 0 )  Sprocke t .  Chuck s h a f t  s p r o c k e t .  
(31) Sprocket. Motor s h a f t  sprocket. 
(32)  Ladder c h a i n .  Chuck d r i v e  c h a i n  
c. Lower R o t a t i o n  Drive 
Drawing no. 1077-08077 and D i l l  o f  M a t e r i a l  no. 1077-08110 
The lower  r o t a t i o n  r o t a t e s  t h e  s e e d ,  v a r y i n g  growth 
c o n d i t i o n s  and  a s s u r i n g  a s t r a i g h t  c r y s t a l .  
( 2 )  P l a t e ,  s i d e *  
( 3 )  P l a t e ,  back* 
( 4  S p a c e r  b a r *  
(5)  P l a t e ,  motor b e a r i n g *  
(6 )  P l a t e ,  b e a r i n g *  
(81 Chuck assembly* 
(9 )  Assembly, magnet s h a f t .  Axle s h a f t  for t h e  magnet 
and  t h e  d r i v e  s p r o c k e t .  
(11)  S h a f t ,  motor* 
(12)  Rousing,  motor* 
( 1 3 )  S p a c e r ,  motor* 
A c l u t c h  u n i t  h a s  been d e s i g n e d  t o  a l l o w  t h e  s e e d  
r o t a t i o n  t o  s l i p  b e f o r e  mel t - th rouqh  and t o  r o t a t e  a t  
a d i f f e r e n t  speed from t h e  f e e d  r o d  when melted th rough .  
A t t a c h i n g  a s e n s o r  for t h i s  s l i p  c e a s i n g  can be  a 
m o n i t o r i n g  methoe f o r  d e t e r m i n i n g  mel t - th rough .  
(16) Cup s h a f t .  T h i s  s h a f t  i s  d r i v e n  by t h e  c l u t c h  
cup;  it is pinned t o  t h e  chuck.  
( 18 )  Cup, c l u t c h .  ( R e f e r  to  drawing  no. 1077- 08098) 
The t o o t h e d  cup p a r t  of  t h e  assembly i s  r o t a t e d  
by  t h e  s i x   ole magnet ,  i t e m  no. 4 I . 
( 2 0 )  P l a t e ,  chuck b e a r i n g s .  T h i s  ar rangement  is s l i g h t l y  
d i f f e r e n t  from t h c  upper  u n i t  t o  accommodate t h e  
added magne t ic  d r i v e  components. 
( 21 )  Key* 
(22 1 Flanged n y l i n e r *  
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( 2 3 )  Flanged n y l i n e r "  
( 3 0 )  Sprocke t  4 8  t o o t h *  
(31 )  Sprocke t  20  t o o t h *  
( 3 2 )  Ladder c h a i n *  
( 4 1 )  Magnet, s i x  p o l e .  Provides t h e  maqne t l c  f i e l d  f o r c e s  
t h a t  r o t a t e  t h e  chuck. 
C .  . ELECTRONIC CONTROL 
INTRODUCTION 
The d e s i g n  e f f o r t  o f  t h e  p r e v i o u s  c o n t r a c t  was based  on t h e  
premise  t h a t  ~ . . l l y  one  EAC would be a v a i l a b l e  f o r  t h e  exper iment .  
I n  t h i s  s i t u a t i c n  minimum space  would be a v a i l a b l e  f o r  
e l e c t r o n i c s ,  t h u s  p l a c i n g  a  premium on a b b r e v i a t e d  f u n c t i o n .  
:.ddition o f  t h e  second EAC w i l l  a l l o w  us  t o  r e - d e f i n e  t h e  
f u n c t i o n s  and make p o s s i b l e  a more s o p h i s t i c a t e d  approach .  
1. Computer System 
The use  o f  t w o  EAC u n i t s  a l l o w s  some r e - c o n s i d e r a t i o n  
of t h e  e l e c t r o n i c s  package.  S p e c i f i c a l l y ,  t h e  volume 
o f  space  a v a i l a b l e  w i l l  undoubted ly  a l l o w  a more s o p h i s t i -  
c a t e d  computer sys tem t h a n  was o r i g i n a l l y  p lanned .  U s e  
of h i g h  l e v e l  l anguages  such  a s  Basic, F o r t r a n ,  P a s c a l ,  
e tc . ,  g i v e  tremendous i n c r e a s e  i n  programming p r o d u c t i v i t y ,  
b u t  t end  t o  be d i f f i c u l t  or  even  i m p o s s i b l e  t o  use  i n  a 
non-disc environment .  With t h e  added s p a c e  a v a i l a b l e ,  
w e  c a n  make u s e  o f  more memory a r r a n g e d  a s  a  pseudo-d isc  
i n  bo th  ROM an2  EZPROM to  p rov ide  an  env i ro rmen t  s u i t a b l e  
f o r  t h e  use  o f  t h e s e  languages .  More memory a l s o  means 
more space  a v a i l a b l e  f o r  d a t a  s t o r a g e ,  i n  t h e  form o f  
e i t h e r  EEPROM or BUBBLE memory. 
2. Motor C o n t r o l s  
The t r a n s l a t i o n  and r o t a t i o n  motor c o n t r o l s  c u r r e n t l y  
used a r e  c l o s e d  l o o p  v e l o c i t y  s e r v o s  w i t h  ana?.og feedback .  
These c o n t r o l s  w i l l  be r e p l a c e d  by a sys tem s i m i l a r  
t o  t h e  Westech D i g i t a l  Motor C o n t r o l  deve loped  f o r  commercial  
use .  These sys t ems  a r e  phase  locked  t o  a  c r y s t a l  t i m e  
baa*? and a r e  l i m i t e d  i n  l o n g  term a c c u r a c y  o n l y  by t h e  
c r y s t a l .  
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3. Furnace Heat Control 
The heater control w ~ l l  be a Pulse Width Modulated switching 
type that will allow high accuracy control, and also be 
highly efficient. Particular emphasis will bc ?laced 
on E.M.I. and peak current loads. 
Heater power is dependent on atmosphere; the lower the 
pressure, the lower the required power. Use of gas 
such as Argon increases the required power. Continued 
ground based experiments will refine previous data to 
establish the appropriate power for the desired atmosphere 
and material. 
D. MICROGRAVITY FLOAT ZONING TECHNICAL SPECIFICATIONS 
The following specifications have been developed for float 
zone growth of silicon and silicon-germanium alloys as well as 
other 111-V materials and metals. The flexibility inherent in 
the design of this zoner allows parameter changing to accommodate 
a wide range of growth conditions. Table 5 lists p.~rticular 
specifications aimed at silicon zoning. 
TABLE 5. 
Crystal diameter 
Crystal length 
Overall 
Zoned portion 
Axial growth speeds: 
Furnace movement, slow 
Furnace movement, fast 
Seed movement 
Rotation rates 
Maximum growth temperature 
Maximum furnace power 
Zoning atmosphere 
Total power conswnptio~~ 
Allowed power consumption 
41 cm. 
15 cm. 
0.01 to l.Smm/rnin. (option) 
0.1 to 6.5mm/min. 
1 to SOmm/min. 
0.1 to 20 RPM 
1500 deg. cent. 
200 watts, 24vdc 
Argon, 0.1 torr 
465 watts 
470 watts 
E. MICROGRAVITY ZONEH HARDWARE SPECIE'ICA'PIONS 
-- 
I n  a d d i t i o n  t o  t h e  F l o a t  Zoning s p e c i f i c a t i o n s  p r e s e n t e d  
i n  t h e  p rev ious  s e c t i o n ,  the zorler hardware a n d  i t s  o p e r a t i o n  
w i l l  be f u r t h e r  s p e c i f i e d .  The p r e v i 3 u s  program d e s i g n e d  and 
b u i l t  p r o t o t y p e  hardware t h a t  gave b a s i s  f o r  t h i s  e f f o r t ,  and 
t h i s  e x p e r i e n c e  p r o v i d e s  t h e  background f o r  t h i s  new s p e c i f i c a t i o n .  
1. Gene ra l  D e s c r i p t i o n  
The f l i g h t  p r o t o t y p e  is  a s  shown i n  F i q u r c  1 7 .  rn 
lend some p e r s p e c t i v e  t o  t h e  r e l a t i v e  s t a t e  o f  t h i s  model 
compared t o  t h e  o r i g i n a l ,  n o t e  t h a t  i n  t h e  o r i g i n a l  u n i t  
t h e  a d d i t i o n  o f  a  sample h o l d e r  would have r e q u i r e d  e i t h e r  
i n c r e a s i n g  t h e  h e i g h t  or  f o l d i n g  t h e  t o p  t r a n s p o r t  down. 
I n  t h e  new u n i t ,  t h e  sample h o l d e r  is  already prov ided  f o r ,  
and needs o n l y  t o  be  h u i l t  and a t t a c h e d .  
2 .  P h y s i c a l  Dimensions 
The t h i n  r o d  zone r  w a s  conce ived  as a  v e r y  close r e p r e s e n -  
t a t i o n  o f  t h e  f l i g h t  model,  so i t  was d e s i g n e d  t o  m e e t  
dimension s p e c i f i c a t i o n s  as p r e s e n t e d  i n  MSL Users Handbook 
paragraph  2.1.2.4. Weight w i l l  a p p a r e n t l y  n o t  be  a  major 
problem as t h e  zoner  c u r r e n t l y  weighs  75 pounds,  w e l l  under  
t h e  275 pound l i m i t  o f  pa raq raph  2.1.2.4,  or t h e  680 potind 
l i m i t  o f  pa rag raph  2.1.3. A d d i t i o n  o f  t h e  scunple h o l d e r  
and o t h e r  hardware w i l l  add 50 pounds ( e s t i m a t e d )  t o  t h e  
c u r r e n t  weight .  The c e n t e r  o f  g r a v i t y  o f  t h e  zoner  was 
measured and found to  b e  1 3  i n c h e s  i n  t h e  v e r t i c a l  a x i s .  
3. Power Budget 
The power r equ i r emen t s  are: 
O v e r a l l  power 4 7 0  w a t t s  
Heater, i n c l u d i n g  c o n t r o l  220 w a t t s  
E l e c t r o n i c  c o n t r o l s  1 7 0  w a t t s  
Conversion l o s s e s  7 5  w a t t s  
4.  Furnace and EAC Tempera tures  
--- 
A zoning t e m p e r a t u r e  o f  up to lSOO°C w i l l  be a t t a i n e d  w i t h i n  
t h e  f u r n a c e ,  b u t  use of  h i g h l y  e f f i c i e n t  i ~ s u l a t i o n  t e c h -  
n iques  keep t h e  t e m p e r a t u r e  o f  e x t e r n a l  f u r n a c e  p a r t s  down 
to  30°C o r  less, even  w i t h  no c o o l a n t  f l owing .  We d o  n o t  
anticipate a significant heat load and foresee the proba- 
bility of using insulation of some sort to maintain the 
internal termperatures at L I I 0 C ,  especially the EAC that 
houses the electronics and control package. 
5 .  Vacuum and Atmospheric Considerations 
The experiments will be conducted in Argon at 0.1 torr. 
This vacuum can be achitvable by venting to space. We may 
find it desirable to use a filter on the vacuum line. If 
higher vacuum is found necessary, an ion pump will be mounted. 
6. Sequence Programmin3 
The entire sequence of the experiments will be programmed 
into the on board computer, including all zoner movements, 
heat cycles, atmosphere changes, data collection and storing, 
sample changing, time lining, and fault and error detection 
and correction. For ease of program design, a personal 
computer will be used to develop algorithms, and to control 
the operation and data collection on the ground based experi- 
ments. 
7 .  Safety 
The Microgravity Thin Pod Zoner will be designed to conform 
to NASA NHB1700.iA. The design and the hardware will be 
reviewed to eliminate hazardous situations. Automatic safety 
devices will be used to reduce hazards to specified levels. 
All hazards will be contained within the confines of the 
EAC's, and there will be no hazard to the shuttle or its 
crew, nor to other experiments. 
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